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We hope to explore possible applications for this intriguing complex by 
carrying out in-depth study of its structure and non-covalent interactions.      
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carbon of the carboxylate group has been synthesized, crystallized and 
characterized. Solvent effects on catecholase activities of the reduced 
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1-1. General Introduction 
The history of supramolecular chemistry began in 1894, when Nobel 
laureate Hermann Emil Fischer proposed the “Lock and Key Model” to 
visualize the interactions between an enzyme and its substrate.1 In this model, 
both the receptor and the substrate represent rigid surfaces, in which precise 
complementary relationship exists between the shape of the substrate and that 
of the active site of the receptor.2 Minimization of the entropic cost of 
conformational selection due to rigid pre-organization of the host then 
significantly increases the binding strength.3 Even though enhancements to 
this model were introduced later in the “induced-fit” and “selected-fit” 
concepts, it is still the “Lock and Key Model” that brings out the ideas of 
molecular recognition and host-guest chemistry. In the “induced-fit” concept, 
complexation results in adjustments of the receptor and substrate molecules, 
while selection and stabilization of a conformation among a group of pre-
existing equilibrium of excited and ground states occur in the “selected-fit” 
concept (Figure 1-1).2,4-6  
 
Figure 1-1. (a) Lock and Key. (b) Induced-fit. (c) Selected-fit. 
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More works by H. M. Powell followed, in which he described how 
small molecules were completely enclosed in compounds that he called 
clathrates.7 One example is the synthesis of Na5.5(H2)2.15Si46 by Neiner and co-
workers, which is a sodium-deficient, hydrogen-encapsulated type 1 silicon 
clathrate that displays encapsulation of Na and H2 in two types of cages.8   
The term “supramolecular chemistry” was finally established by Jean-
Marie Lehn in his outstanding study of cryptands and inclusion compounds, 
such as the self-assembly of a circular double helicate of fivefold symmetry 
with structural similarity to circular DNA.9 He described “supramolecular 
chemistry” as “the study of systems that involve aggregates of molecules or 
ions held together by non-covalent interactions” or simply, “the chemistry of 
the intermolecular bond”.1,10   
In molecular chemistry, an atom is the fundamental building block 
which interacts with one another to give molecules through formation of 
covalent bonds. However, in the context of supramolecular chemistry, the 
molecules become the building blocks, which are also named tectons.11 
Supramolecular synthons are then defined as structural units within 
supermolecules that can be formed and/or assembled by known or conceivable 
synthetic operations involving intermolecular interactions (Figure 1-2).12 Even 
though supramolecular systems typically employ many different types of non-
covalent interactions such as hydrogen bonding, π-π stacking, electrostatic and 
van der Waals forces, the first two types play the most important roles in this 
emerging field.13 




Figure 1-2. Common supramolecular synthons. 
 
A hydrogen bond is defined as an attractive interaction between a 
proton-donor group A-H and a proton-acceptor group B, where A is an 
electronegative atom such as O, N, S, X (F, Cl, Br, I) or C, and the acceptor 
group is a lone pair of an electronegative atom or a π bond of an unsaturated 
system.14 The strength of a hydrogen bond depends on factors such as 
orientations and electronegativities of the donor and acceptor groups, as well 
as microenvironment of the hydrogen bond, ranging in strength from 10 to 40 
kJ mol-1.15,16 Even though an individual hydrogen bond is weaker than a 
covalent bond, a collection of such weak interactions can stabilize large 
macromolecules such as proteins and DNA, as well as exerting strong 
influences in organic and coordination systems.17 Furthermore, the highly 
directional nature of hydrogen bonds may allow us to rationally design 
supramolecular synthons that are essential in constructing materials with 
desired structures and functions.18 Table 1-1 summarizes the general 
properties of hydrogen bonds.19 
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Table 1-1. Properties of hydrogen-bonded interactions (A-H = hydrogen bond 
acid, B = hydrogen bond base).19  
  Strong Moderate Weak 
A-H∙∙∙B interaction Mainly covalent 
Mainly 
electrostatic Electrostatic 
Bond energy (kJ mol-1) 60-120 16-60 <12 
Bond lengths (Å)       
H∙∙∙B 1.2-1.5 1.5-2.2 2.2-3.2 
A∙∙∙B 2.2-2.5 2.5-3.2 3.2-4.0 
Bond angles (o) 175-180 130-180 90-150 
Relative IR vibration 
shift (stretching 
symmetrical mode, cm-1) 
25% 10-25% <10% 
1H NMR chemical shift 











Besides hydrogen bonds, π-π interactions also play key roles in many 
biological systems, influencing vertical base stacking in DNA, intercalation of 
drugs into DNA, and tertiary structure of proteins.20,21 Typical π-π interactions 
between electron-rich (donor) and electron-poor (acceptor) aromatic systems 
involve an energy of about 2 kJ mol-1, and such interactions are further divided 
into stacked arrangement, which can have perfect face-to-face alignment or 
offset packing, and edge-to-face T-shaped conformation (Figure 1-3).22,23 
Presence of electron-donating or withdrawing groups on the aromatic systems 
are also known to influence the strength of π-π interactions. For instance, 
electron-withdrawing substituents lower the π-electron repulsions by 
decreasing the π-electron densities in the aromatic rings, and the vice versa is 
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said to be true for electron-donating substituents.24,25 This phenomenon will 
definitely have profound effect on the self-assembly of supramolecular 
structures. 
 
Figure 1-3. Principal orientations of π-π interactions.22 
 
Ever since a greater understanding of non-covalent interactions has 
been achieved, syntheses of supramolecular complexes that display promising 
applications progress rapidly in recent years. For instance, van Koten and co-
workers reported an organoplatinum complex which allows controlled and 
fully reversible crystalline-state reaction with gaseous sulphur dioxide.26 
Repetitive gas uptake and release of the crystal lattice does not affect 
crystallinity even though structural modification of the complexes had taken 
place. Upon exposure to sulphur dioxide, colourless crystalline 1 forms the 
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deep orange adduct 2, and this process is completely reversible in a sulphur 
dioxide-free environment through reversible bond formation and cleavage 
(Figure 1-4).27 This novel property will find usefulness in the preparation of 
crystalline switches which can function based on colour, temperature, crystal 
size and properties, rendering possible applications as gas sensors, data 
processing etc.28 
 
Figure 1-4. Reversible adsorption of SO2 by 1 and 2.26 
 
Another interesting example is the synthesis of the first water-soluble 
polyfullerene through supramolecular masking concept, in which [60]fullerene 
molecules are connected to bifunctional guest compounds that are 
supramolecularly stabilized and shielded by a cyclodextrin host (Figure 1-5).29 
Typically, water-insoluble fullerene main-chain polymers are synthesized 
through multi-step synthetic concepts, however, this novel approach is able to 
circumvent this limitation.30 One interesting point to note is that a water-
insoluble polysubstituted fullerene is obtained in a comparative study without 
the use of the macrocyclic host, implying effective prevention of 
multifunctionalization by the spatial dimensions of the cyclodextrin. The 
water-soluble compound was also observed to cleave DNA oligonucleotide in 
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presence of light and scavenge a living free radical stronger than [60]fullerene 
itself, implying potential applications in the biomedical area.   
 
Figure 1-5. Synthesis of the water-soluble polyfullerene, 3.29  
 
The last exciting example is the syntheses of a series of cyclic D,L-α-
peptides which display rapid cell death, increased membrane permeability and 
high potency towards Gram-positive and/or Gram-negative bacterial 
membranes.31 This class of peptides can self-assemble into open-ended tubular 
structures, permitting ions and small species with Mw < 10,000 to be 
efficiently transported across lipid bilayers (Figure 1-6). Furthermore, in the 
presence of trypsin, α-chymotrypsin, subtilisin and murine blood plasma, the 
compounds were stable over a 72-h time period due to their abiotic structure 
and conformational preferences, as compared to control linear L-α-amino-acid 
peptides which displayed degradation in a shorter time frame under 
comparable reaction conditions. Normal physical, social, feeding activities, 
blood and morphological profiles were also observed in mice administered 
with one of the peptides over four days.  
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From the aforementioned examples, we are able to classify 
supramolecular chemistry into two general categories, namely host-guest 
chemistry and self-assembly. The former introduces two important terms, 
“host” and “guest”, which interact with each other through non-covalent 
interactions.  
 
Figure 1-6. Self-assembly of cyclic D,L-α-peptides into open-ended tubular 
supramolecular structures.31  
 
“Host” is used if one molecule is significantly larger than another and 
can wrap around it, while the smaller molecule being enveloped by the host 
will be the “guest”.32 In terms of coordination chemistry, metal-ligand 
complexes can be thought of as a host-guest species, whereas large (often 
macrocyclic) ligands act as hosts for metal cations. The presence of a 
permanent molecular cavity that possess specific guest binding sites can then 
allow itself to act as a host both in solution and in the solid state. However, if 
the guest molecules are bound within cavities due to packing of the host lattice, 
we call these inclusion compounds as clathrates which can only exhibit host-
guest behaviour in the crystalline state.  
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The second category, self-assembly, which is defined as “the 
spontaneous and reversible association of two or more components to form a 
larger, non-covalently bound aggregate-equilibrium between two or more 
molecular components”, is one of the main synthetic routes to fabricating 
multidimensional coordination polymers such as ladders, helicates, rotaxanes 
and catenanes.33   
For example, Winpenny and co-workers described how the use of 
dumbbell-shaped organic molecules can template the assembly of inorganic 
structural units to construct rotaxanes with different numbers of rings and 
axles.34 One of the compounds even demonstrates large-amplitude motion of 
the ring between the axle’s two binding sites, similar to molecular machine 
systems.35-39 All examples listed thus far showcase the importance of non-
covalent interactions in supramolecular systems, and they are further explored 
in our works in the next few chapters. The coming two sections describe some 
background information, structural properties and applications of metal 
complexes derived from Schiff base and reduced Schiff base ligands.   
1-2. Metal complexes of Schiff base ligands 
 Vitamin B6, which belongs to a group of water-soluble B vitamins, is 
one of the most essential cofactors that take part in many biochemical 
reactions, particularly those involving metabolism of amino acids.40,41 As it 
cannot be synthesized de novo in humans, vitamin B6 has to be consumed 
through diet consisting mainly of meat and vegetable foods such as potatoes, 
grains and peanuts etc.42-44 In order to maintain good physical and mental 
health, the Recommended Daily Allowance (RDA) of Vitamin B6 is set as 1.3 
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mg for men and women aged between 19 to 50, and clinical research has 
found out that inadequacy of this vitamin can lead to seizures, hypochromic 
microcytic anemia and tongue inflammation.45-48 Therefore, if the mechanistic 
details of the de novo biosynthesis of vitamin B6 by debilitating or pathogenic 
organisms can be understood, rational approach to drug discovery for 
improved human nutrition and beneficial effects can be realized.41 
 Analyzing the biologically active forms of vitamin B6 reveal presence 
of a pyridine ring acting as basic structure, substituted with methyl, hydroxyl 
and hydroxymethyl groups at C-2, C-3 and C-5 positions respectively.49,50 The 
compound is then characterized depending on the substituent at C-4 position 
(Figure 1-7).  
 
Figure 1-7. Accepted numbering of ring atoms is depicted for pyridoxal 5’-
phosphate.    
 
 Pyridoxal 5’-phosphate (PLP), being the active form of vitamin B6, is 
responsible for most of the amino acid transformations such as transamination, 
racemization and decarboxylation.51-53 As depicted in Figure 1-8, an intermed- 
iate Schiff base is initially formed between the amine group of the α-amino 
acid and aldehyde group of PLP during the transamination process. After 
removal of an electron pair at the α-carbon of the aldimine, the positively 
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charged pyridine ring accepts this very same electron pair and subsequently 
returns it to the α-keto acid, the second substrate. From this mechanism, we 
can see PLP adopting major roles as electron sink and carrier of amino groups 
by facilitating dissociation of α-hydrogen of the amino acid.54 
 
Figure 1-8. Mechanism of transamination. 
 
 Amino acids have been known to play important roles in the functions 
and structures of proteins due to their various side groups that can offer many 
non-covalent interactions, such as COOH which has good ability to coordinate 
with the metal ions.55 The imidazole ring of histidine can also function as a 
ligand towards transition metal ions in many biologically important molecules 
such as vitamin B12 and many metalloproteins.56 The presence of an additional 
reactive functional group (carboxylate donor group) on the side chain of L-
glutamic acid increases availability for intermolecular connectivity and coord- 
ination with neighbouring metal ions and ligands, which can enhance the for- 
mation of high-dimension frameworks. Hence, in order to gain deeper under- 
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standing about properties and enzymatic reactions of amino acids, researchers 
have been carrying out studies on metal complexes of amino acid Schiff base 
ligands, and many papers reported activation of some functional groups on the 
substrate, labilization of certain bonds and enhancement of stereoselectivity.57-
59 In 1966, Dunathan proposed a theory to explain the stereochemistry role of 
these complexes in pyridoxal model reactions. By orientating the amino acid 
α-carbon bond orthogonal to the plane of the extended π system, easy cleavage 
of this bond can occur, leading to reaction specificity and enhancement of 
reaction rate (Figure 1-9).60-62 This proposal also accounts for a number of 
enzymatic reactions containing Cα-H bond in favorable (axial) positions.60 
Therefore, non-enzymatic models for pyridoxal-amino acid systems can be 
achieved by employing different metal ions or replacing PLP with 
salicylaldehyde or its analogues to tune the electronic properties of the 
resulting complexes which may in turn influence the ease of orientation of Cα-
H bond.63  
 
Figure 1-9. Dynamic conformational XI ↔ XII equilibrium.60 
 
 Amino acid Schiff bases and their complexes are also known to show 
interesting properties such as the ability to catalyse the hydrogenation of 
olefins, and binding to oxygen reversibly.64,65 For example, Hu and co-
workers synthesized a series of L-arginine Schiff bases and their transition 
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metal complexes which were applied as catalysts in the aerobic oxidation of β-
isophorone to keto-isophorone. The amount of catalysts used were much lower 
than that of salen catalysts, with relatively shorter reaction time, β-isophorone 
conversion up to nearly 100%, and keto-isophorone yield exceeding 95%.66 
The proposed mechanism starts with formation of LCu(II)O2 from the LCu(II) 
catalyst and molecular oxygen, which subsequently transfers one of the 
electrons from O to Cu to produce the radical complex LCu(I)OO∙. Attack on 
C=C in β-IP by LCu(I)OO∙ ultimately leads to formation of KIP through path 
“a”, the dominant route (Figure 1-10). It is thus obvious from the catalytic 
cycle that the Cu(II) complex derived from L-arginine Schiff base plays 
important role in providing [O] to β-IP.    
 
Figure 1-10. Possible mechanism of β-IP oxidation, with three by-products 
depicted as (i), (ii) and (iii).66 
 
 In another example, Li and co-workers synthesized a manganese(II) 
Schiff base catalyst derived from L-phenylalanine and salicylaldehyde through 
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simple one pot in situ reaction. Structures of major products were confirmed 
by comparison with mass to charge ratio (m/z) and fragmentation patterns of 
standard organic compounds in GC-MS system (Figure 1-11). In the presence 
of catalyst, cyclohexene was effectively oxidized by molecular oxygen 
without reductant, and the mechanism of oxidation can be justified as a radical 
chain mechanism, proposed by Grinstaff and Labinger in explaining the high 
catalytic activities of highly halogenated porphyrins ferric complexes towards 
oxidation of i-butane to t-butanol (Figure 1-12).67-69 
 
Figure 1-11. Major products of cyclohexene oxidation by dioxygen.67 
 
 
Figure 1-12. Allylic peroxide decomposition mechanism for dioxygen 
reactions (SP-M = Sal-Phe-Mn). The manganese complex catalytically breaks 
down the peroxides that are generated by radicals in solution. Propagation of 
reaction by these radicals continues.67-69 
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 Lai and co-workers carried out studies on how chiral Schiff base 
ligands derived from α-amino acids and their corresponding zinc complexes 
influence the catalytic asymmetric hydrosilylation of ketones, and they 
reported large impact on ee values by varying the substituents on the α-carbon 
of the amino acid and aromatic ring of substituted salicylaldehyde.70 Zn(II) 
Schiff base complex, A, which initiates from the complexation of the ligand 
with ZnEt2, reacts with (EtO)3SiH to form an active ZnH species, B. 
Subsequent formation of the four- and five-membered metallacycle 
intermediates, C and D, followed after interaction with the substrate. Reaction 
of D with (EtO)3SiH affords the hydrosilylated product by transference of 
alkoxo ligands from zinc to silicium, and the catalytic species, B, is recycled 
(Figure 1-13).71        
 
Figure 1-13. Proposed mechanism of ZnEt2/Schiff base catalyzed 
hydrosilylation of ketones.70 
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It is notable to mention that when an aromatic ring is substituted for –
COOM, trace level of yield was reported, implying the importance of 
formation of five- and six-membered chelate rings which help to stabilize the 
intermediates generated. Using other carboxylates such as –COONa and –
COOLi also greatly influence ee values, possibly due to different ease of 
dissociation of Zn-O bond for interaction with the substrate.  
Besides the aforementioned catalytic properties, amino acid Schiff 
bases and their complexes can exhibit interesting bactericidal, antiviral, 
fungicidal and SOD-mimic activities.64,65,72 Švajlenová and co-workers studied 
two copper(II) amino acid Schiff base complexes that were synthesized by two 
different methods, and evaluated both complexes by the antiperoxynitrite 
activity assay and alloxan-induced diabetes study.73 Significant antioxidant 
and antidiabetic activites were reported, indicating potential applications as 
nutritional supplements and preventive agents which are able to postpone free-
radical diabetes mellitus and its complications from initiating and developing.  
Five different amino acid Schiff bases derived from the reaction of 2-
hydroxy-1-naphthaldehyde with glycine, L-alanine, L-phenylalanine, L-
histidine, L-tryptophan and the manganese(III) complexes of these bases also 
exhibited in vitro antifungal and antibacterial activities, and the antimicrobial 
activities tend to decrease with increase in size of the amino acid residues, as 
investigated by Sakiyan and co-workers.64 
In another example, Mishra and co-workers carried out biological 
studies on eight novel heterocyclic Schiff bases derived from the condensation 
reactions of indole-3-carboxaldehyde with different L-amino acids. Stability 
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studies of the Schiff bases under physiological conditions showed that they 
were stable for more than 24 hours, and blood clearance indicated a quick 
wash out from the circulation. Excellent quality radioimages of tumour 
bearing mice were also recorded, showing fast clearance of background 
activity, visualization of tumour at 3 hours, and clearance from kidneys of 
histidine analogue.74 
 The last example describes the work conducted by Yan and co-workers, 
whom synthesized two copper(II) complexes derived from an amino acid 
Schiff base ligand and its reduced counterpart (Figure 1-14).75 DNA cleavage 
and binding studies were carried out, and results shown 24.5 to 27.0% 
hypochromism, slight red shift of metal-to-ligand charge-transfer (MLCT) 
bands (3 to 12 nm) and low binding constants when increasing amount of CT-
DNA was added to both complexes, indicating partial intercalation with DNA. 
Under physiological conditions, oxidative damage of DNA was promoted, and 
both copper(II) complexes cleaved DNA much more effective in the presence 
of reducing agents.     
 
Figure 1-14. Schematic representations of both ligands.75 
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 Besides having potential catalytic and biological applications, amino 
acid Schiff bases and their complexes are also known to be structurally diverse, 
as appropriate donor groups (O, S, P, etc.) can be inserted for functionalization 
to take place. Hence, three chapters are devoted to synthesis, crystal structure 
analyses, and physicochemical studies of this genre of complexes. 
1-3. Metal complexes of reduced Schiff base ligands 
Metalloproteins, which incorporate metal ions as cofactors and 
typically contain amino acids as ligands such as glutamic acid, histidine, 
cysteine and tyrosine, are known to execute a large number of important 
functions associated with life processes (Figure 1-15).76-78 For instance, hemo- 
globin, a conjugated protein made up of an iron-porphyrin complex as a 
prosthetic group, is involved as an oxygen transporter from the lungs to the 
tissues.79 Fe adopts an octahedral geometry, in which four coordination sites 
are occupied by pyrrole nitrogen atoms and the remaining two axial positions 
are filled by a histidyl nitrogen from histidine F8 and other ligands such as 
water, oxygen or carbon monoxide. Reversible binding of oxygen, which is a 
unique characteristic of hemoglobin, occurs by change in oxidation states of 
the metal center.80 Another example is the carboxypeptidase A, a protease 
enzyme that performs hydrolysis of peptide bond at C-terminal hydrophobic 
residues. The zinc center is chelated by a glutamate side chain and two 
imidazole groups, and the presence of the metal ion seems to enhance the 
electrophilic nature of C=O group for its cleavage property.81 
Copper is one of the essential trace elements in the human body and is 
commonly found in the active sites of proteins responsible for many biological 
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processes such as pigment formation, neurotransmitter biosynthesis, cellular 
respiration and antioxidant defense.83-86 Besides being able to form complexes 
with various coordination geometries such as square planar, trigonal bip- 
yramidal, square pyramidal and octahedral, copper can also mediate between 
+1 and +2 oxidation states readily, allowing it to perform redox reactions in 
oxygenases and oxidases.87-89 Copper proteins can be further divided into three 
types of active sites based on their spectroscopic characteristics.90 “Blue 
copper centers”, also known as type-1 copper centers, are characterized by 
intense CT band centered around 600 nm (ε > 2000 cm-1M-1) due to Cu(II)-
Scys orbital overlap, and are recognized as important electron-transfer mediator  
 
Figure 1-15. Classification of metalloproteins.76,82  
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in photosynthesis and metabolism.91-93 One example is plastocyanin, a copper-
based protein coordinated by cysteine, methionine and two histidine ligands. It 
functions in the thykaloid lumen by transporting electrons from the 
cytochrome-b6/f complex to PSI.94,95 
 On the other hand, type-2 copper centers do not display significant 
visible absorption due to the absence of thiolate groups. The single metal 
center is observed to adopt various coordination geometries, with at least two 
histidine ligands coordinated to it.96,97 For instance, galactose oxidase, which 
is derived from the mushroom Polyporus, catalyzes the oxidation of D-
galactose to D-galacto-hexodialdose and hydrogen peroxide.98 
 Type-3 copper centers contain two antiferromagnetically coupled 
copper(II) ions at close proximity with an S = 0 EPR ground state.101 These 
species are also mainly coordinated by histidine donors, and they perform 
either as dioxygen transport proteins or oxygenase/oxidase enzymes.102,103 
Notable members of this class of proteins are tyrosinase and catechol oxidase, 
which are commonly isolated in some crustaceans, plant tissues and insects.104 
The former plays an important role in melanin synthesis by catalyzing both 
hydroxylation of L-tyrosine to L-dihydroxyphenylalanine (DOPA) and 
oxidation of DOPA to DOPA quinone, while the latter is involved in the 
oxidation process only but has important applications in medical diagnosis of 
the hormonally active catacholamines adrenaline and noradrenaline (Figure 1-
16).105-107 Through the crystal structures of tyrosinase (derived from the 
bacteria, Streptomyces castaneoglobisporus) (sTy) and catechol oxidase 
(derived from the sweet potato, Ipomoea batatas) (IbCO), Tuczek and co-
workers are able to explain this unusual phenomenon by considering shielding 
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effect in both proteins. Presence of a bulkier phenylalanine residue (Phe 261) 
in IbCO shields CuA from interacting with monophenols, but this is not the 
case for sTy, which contains a smaller isoleucine residue. This explains why 
monophenols can be converted to o-quinones through two stages in sTy but 
not IbCO.108-110      
 
Figure 1-16. Reaction pathway of cresolase and catecholase activities.111 
 
 Even though Schiff bases and their metal complexes have potential 
applications in catalysis and biological processes as mentioned in the last 
section, the ligands suffer from chemical instability and tend to form ionized 
species, undergo tautomeric interconversions or hydrolysis.112 Praharaj and co-
workers also carried out studies on metal ion-induced hydrolysis of the Schiff 
base ligand, N-salicylidene-2-aminothiazole, and they observed that out of 
Co(II), Ni(II), Cu(II) and Zn(II), only Cu(II) retarded the imine hydrolysis rate 
significantly due to formation of the more stable [CuL]+ species. However, 
under acidic conditions, spontaneous acid-catalyzed imine hydrolysis of this 
species occurred, implying the importance of pH and metal ion in affecting the 
stability of the imine bond.113  
  In order to overcome the problem of ligand instability, the imine bond 
of the Schiff base can be reduced by reducing agents such as sodium 
borohydride to form an amine, also called Mannich base or reduced Schiff 
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base. This class of ligands is able to construct interesting supramolecular 
architectures due to their conformationally flexible backbone, and 
coordination of amine nitrogen atom to the metal ion induces a significant 
increase in the proton acidity, allowing intermolecular hydrogen bonding 
interactions to take place.114 
 Our research group had previously synthesized a nickel(II) complex 
(derived from L-glutamic acid reduced Schiff base ligand) that self-assembles 
into an interesting left-handed staircase-like helical coordination polymer with 
pseudo-41 screw axis.115 Two of the lattice water molecules that are located 
inside the helical pore also participate in hydrogen bonding interactions to 
produce a 1D helical polymer with the same symmetry operation as the 
complex (Figure 1-17). To our surprise, using a different metal salt, copper(II) 
nitrate hexahydrate, generates a 1D zigzag coordination polymer connected by 
carboxylate oxygen atoms to metal centers only, indicating how the choice of 
metal ion affects the ultimate supramolecular structures that can be afforded. 
In another of our work, recrystallization of a copper(II) complex (derived from 
1-aminocyclopentane carboxylic acid reduced Schiff base ligand) in a mixed 
solvent system of DMF/MeCN afforded a 3D network structure with 
hexagonal diamondoid architecture. Star-like channels can also be observed 
along the unit cell body diagonal, as shown in Figure 1-18.116  
 Besides exhibiting prospects in constructing multi-diverse 
supramolecular frameworks, reduced Schiff base ligands can bring the metal 
ions to close proximity by utilizing the phenolate oxygen, amine nitrogen, and 
carboxylate oxygen atoms to form phenoxo-bridged dinuclear complexes. 
117,118 




Figure 1-17. (a) Helical water chain inside staircase-like coordination 
polymer. (b) Helical water stream in channel. (c) Top view of (a).115 
 
 
Figure 1-18. Star-like channel in [111] direction.116 
 
 Copper(II) complexes containing this feature can also be employed as 
model compounds for simulating the catecholase properties of type-3 copper 
proteins. Therefore, many works have been ongoing to determine the 
relationship between the complexes’ structural parameters and their 
corresponding catecholase activities.119-121 
For instance, Ghosh and co-workers synthesized two phenoxo-bridged 
dinuclear copper(II) complexes which differ from each other by an extra 
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single hydroxo bridge connecting the two metal centers.122 In their biomimetic 
studies, 3,5-DTBC was chosen as the model substrate due to its low redox 
potential allowing it to be easily oxidized, presence of bulky substituents that 
prevent side reactions such as ring-opening from occurring, and formation of 
the very stable oxidation product, 3,5-DTBQ, which displays a maximum 
absorbance at 390 nm.122,123 The authors observed that besides steady growth 
of the UV-vis band up to 1 hour which indicates existence of dinuclear Cu2O2 
core, the complex containing additional hydroxo bridge also shows higher 
catecholase activity. This can be explained by considering the higher pH value 
of the complex in solution. In alkaline media, deprotonation of the catechol 
and subsequent coordination to metal centers are accelerated, leading to higher 
kcat value. Another notable example is the work by Lee and co-workers, in 
which they carried out catecholase activity studies on eight phenoxo-bridged 
dinuclear copper(II) complexes with different Cu···Cu distances.124 The 
authors found out that the highest kcat values come from complexes with 
Cu···Cu distances in the range 2.9 to 3.0 Å, and coordination of anions such as 
N3- and NCS- to the metal centers actually decrease the catecholase activities. 
From these results, they propose that in order to facilitate binding of two 
hydroxyl oxygen atoms of 3,5-DTBC prior to electron transfer, a good steric 
match between the substrate and catalyst is important, with inhibitory effect of 
the aforementioned anions also exerting pronounced consequences on the 
catalytic rates upon coordination to metal centers.125,126     
 Klemm and co-workers synthesized a series of copper(II) complexes 
containing tridentate β-ketoenaminic ligands derived from different 
functionalized amino-deoxyglucoses.127 The catecholase activities appear to be 
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heavily influenced by size of chelate ring, geometry of the metal center, and 
degree of distortion of the metal coordination geometry. The authors also 
proposed a mechanism for the oxidation of 3,5-DTBC to 3,5-DTBQ based on 
spectroscopic measurements obtained throughout the course of study (Figure 
1-19). After substitution of two solvent molecules by a catechol molecule, two 
protons are shifted to the Cu2O2 dinuclear core, followed by reduction of Cu(II) 
to Cu(I). A dioxygen molecule re-oxidizes both metal centers to form a new µ-
peroxo species that releases the product and takes in another catechol 
molecule. Protons from both the catechol and chelating ligands are then 
transferred to the peroxo bridge, leading to release of second product and 
regeneration of the complex catalyst.  
 
Figure 1-19. Proposed mechanism of oxidation of 3,5-DTBC.127 
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 In the last example, our research group had successfully synthesized 
dinuclear copper(II) complexes of Schiff base and reduced Schiff base ligands 
derived from N-(2-hydroxybenzyl)-aminomethane/ethanesulfonic acids, and 
we observed that the Schiff base counterparts displayed absence or very low 
catecholase activities, attributed to formation of eight-membered chelate rings 
that results in poor binding of substrate to the catalysts. Use of weakly 
coordinating sulfonate donor groups, which can readily dissociate in solution 
to allow binding of substrate, also help to increase the catalytic rates as 
compared to the strongly coordinating carboxylate groups.128-130 
Therefore, from the last few examples cited, we are able to establish a 
relationship between the complexes’ structural parameters and their 
corresponding catecholase activities. Important elements which are known to 
affect catalytic rates include Cu∙∙∙Cu distance, size of chelate ring, geometry 
and electronic properties of the metal center.124,127 Other notable crucial 
factors such as pH, solvent, nature of donor groups and bridging moiety also 
play major roles in affecting kcat values.122,128,131 
The scope of the present investigation involves the synthesis and 
coordination chemistry of Schiff base and reduced Schiff base ligands with 
two transition metals, Cu and Ni. For Chapters 2, 3 and 4, since amino acid 
side chains can take part in non-covalent interactions and metal coordination, 
Schiff base ligands derived from L-tryptophan and L-glutamic acid are 
synthesized through in situ condensation reactions with salicylaldehydes 
containing different substituents such as NO2, OMe and naphthalene. We will 
then study how these ligands influence crystal packings through different 
binding modes, steric, solvent and linker effects. As reduced Schiff base 
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ligands typically form phenoxo-bridged dinuclear complexes, they are able to 
serve as functional models for oxidation of 3,5-DTBC. By incorporating 
different substituents on the α-carbon of the carboxylate group and para to the 
bridging phenolate moiety, we seek to find out how steric, solvent and 
inductive effects can influence catecholase activites in Chapters 5 and 6.     
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Linker and Solvent Effects on the Supramolecular Assemblies of Copper(II) 












Supramolecular chemistry, which is defined as “the chemistry of the 
intermolecular bond”, has been extensively researched upon due to its exciting 
applications in gas storage, molecular sensors, drug delivery etc. through 
usage of non-covalent interactions.1-3 Even though supramolecular systems 
typically employ many different types of non-covalent interactions such as 
hydrogen bonding, π-π stacking, electrostatic and van der Waals forces, the 
first two types play the most important roles in this emerging field.4 A 
collection of hydrogen bonds are known to stabilize large macromolecules 
such as DNA and exert strong influences in organic and coordination systems, 
while π-π interactions play key roles in many biological systems, influencing 
vertical base stacking in DNA, intercalation of drugs into DNA, and tertiary 
structure of proteins.5-7 Hence, judicious selection of supramolecular synthons 
that are constructed by such interactions will allow us to rationally design 
materials with desired structures and functions.8 
Besides highlighting the importance of non-covalent interactions in 
controlling the packing arrangements of supramolecular frameworks, it is also 
vital for us to understand the major role solvent can adopt, since it is known to 
induce phase transformations and affect the self-assembly processes of many 
supramolecular architectures.9-11 For instance, Wang and co-workers synthes- 
ize a unique core-modified porphyrin which undergoes interesting self-assem- 
bly mechanisms in different solvents.12 A perfect alternating structure of the 
compound is obtained in n-tetradecane, but when the solvent is changed to 1-
heptanoic acid, homogeneous close-packed monolayers with no alternation are 




Through a simple condensation reaction with salicylaldehyde or its 
analogues, an amino acid Schiff base can be formed, which can act as non-
enzymatic models for pyridoxal-amino acid systems through coordination to 
different metal ions, thereby playing key roles in many metabolic reactions of 
amino acids catalysed by enzymes with pyridoxal as cofactor.13 Besides 
displaying interesting properties such as bactericidal, antiviral, fungicidal and 
SOD-mimic activities, complexes derived from this type of ligands can also 
utilize the amino acid side chains for construction of different supramolecular 
frameworks.14-16 For instance, Hong and co-workers utilize the self-assembly 
of copper(II) nitrate trihydrate, D,L-amino acids and bpy to generate two 
distinct 3D supramolecular architectures. The usage of D,L-alanine results in 
the formation of a 1D helical chain, which further assembles into a 3D helical 
array, while D,L-phenylalanine forms a 1D polymeric chain that interacts with 
four adjacent chains to generate a 3D porous framework.17 
Even though the supramolecular assemblies of amino acid Schiff bases 
have been well-studied, they mainly focused on simple amino acids such as 
valine, glycine and phenylalanine.18-21 Works on functional amino acids are 
less common, and those involving linkers are even rarer.22-25 In this chapter, 
we describe the synthesis, crystal structures and physicochemical studies of 
three copper(II) complexes derived from an amino acid Schiff base ligand. 
Critical analysis of linker and solvent effects on the complexes’ self-assembly 






2-2. Results and Discussion 
2-2-1. Synthesis 
 Since the amino acid Schiff base ligand that is derived from L-
tryptophan and 2-hydroxy-5-nitrobenzaldehyde, WNO2 (Figure 2-1), could not 
be isolated, all copper(II) complexes, [Cu2(WNO2)2(H2O)4]∙H2O, 2-1, 
[Cu4(WNO2)4(bpy)2]∙4H2O, 2-2, and [Cu2(WNO2)2(bpe)]·2H2O, 2-3, were 
obtained through one pot in situ reactions by generating the intermediate 
Schiff base ligand in solution first.  
 
Figure 2-1. Schematic representation of WNO2.  
 
 Single crystals of 2-1 and 2-2, [Cu2(WNO2)2(H2O)4]∙0.5C7H8, 2-1a, 
and [Cu4(WNO2)4(bpy)2(H2O)2]∙4H2O∙2EtOH, 2-2a, were crystallized from 
the filtrates through layering and vapour diffusion respectively. However, for 
2-3, the precipitate collected from the reaction was re-dissolved in minimal 
amount of DMF and vapour diffused with acetonitrile to give single crystals of 
[Cu2(WNO2)2(bpe)]·2DMF, 2-3a, which are suitable for X-ray diffraction. 
All complexes were also obtained in moderate yields and have poor solubility 
in common solvents except DMSO and DMF. Reaction scheme of 2-1a, 2-2a, 




Scheme 2-1. Reaction scheme of 2-1a, 2-2a, and 2-3a. 
 
 
2-2-2. Description of crystal structures 
 The angular structural parameter, τ, describes the coordination geom- 
etry of the metal center, and is given by the formula: (β - α) / 60o, where β and 
α are angles opposite each other in the basal plane. A value close to 0 repre- 
sents an ideal square pyramid, while a value close to 1 represents an ideal 
trigonal bipyramid.26 With the exception of 2-3a, in which both metal centers 
adopt square planar geometries, 2-1a and 2-2a are noted to possess distorted 
square pyramidal geometries with τ values in the range 0.0005 to 0.0855.27,28 
By utilizing the phenolate oxygen, imine nitrogen and carboxylate oxygen 
atoms, WNO2 forms five- and six-membered chelate rings with the copper(II) 
centers in a tridentate meridional fashion, leading to dihedral angles between 




mean planes defined by the donor atoms to be observed in the range 4.15 to 
18.96o and 0.045 to 0.216 Å respectively.  
Analyzing the coordination environments around the metal centers 
reveal Cu-Ophenolate and Cu-Ocarboxylate bond distances in the range 1.8957(13) 
to 1.942(3) Å and 1.9267(13) to 1.995(3) Å respectively, along with Cu-Nimine 
bond distances in the range 1.920(2) to 1.941(4) Å. These values coincide well 
with those reported in related literatures of copper(II) complexes derived from 
amino acid Schiff base ligands.29-31  
2-2-2-1. [Cu2(WNO2)2(H2O)4]∙0.5C7H8, 2-1a 
 One pot in situ reaction of Cu(NO3)2∙3H2O, L-tryptophan and 2-
hydroxy-5-nitrobenzaldehyde afforded green crystals of 2-1a that crystallized 
in a monoclinic system with space group P21. Selected bond lengths and bond 
angles are listed in Table 2-1. The asymmetric unit consists of two Cu(II) units 
which have identical coordination environments, and a lattice toluene 
molecule with partial occupancy of 0.50 (Figure 2-2). Hydrogen bond 
parameters are listed in Table 2-2.             
 
Figure 2-2. Ball and stick model of 2-1a, showing the labelling of non-carbon 





Table 2-1. Selected bond lengths [Å] and bond angles [°] for 2-1a. 
Cu1–N1 1.932(2)  Cu2–N4 1.920(2) 
Cu1–O1 1.931(2)  Cu2–O8 1.916(2) 
Cu1–O2 1.958(2)  Cu2– O9 1.949(2) 
Cu1–O6 2.251(2)  Cu2– O13 2.416(3) 
Cu1–O7 1.9558(19)  Cu2– O14 1.944(2) 
     
O1–Cu1–N1 93.64(10)  O8–Cu2–N4 94.45(10) 
O1–Cu1–O7 90.64(9)  O8–Cu2–O14 89.31(9) 
N1–Cu1–O7 167.04(11)  N4–Cu2–O14 167.13(11) 
O1–Cu1–O2 166.10(9)  O8–Cu2–O9 170.78(10) 
N1–Cu1–O2 84.41(10)  N4–Cu2–O9 84.68(10) 
O7–Cu1–O2 88.51(9)  O14–Cu2–O9 89.63(10) 
O1–Cu1–O6 97.14(9)  O8–Cu2–O13 93.07(9) 
N1–Cu1–O6 98.48(9)  N4–Cu2–O13 99.84(9) 
O7–Cu1–O6 93.11(9)  O14–Cu2–O13 92.23(10) 
O2–Cu1–O6 96.76(9)  O9–Cu2–O13 96.13(9) 
 
Table 2-2. Hydrogen bond parameters for 2-1a. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O6─H61O3a 0.852(19) 1.95(2) 2.764(3) 159(4) 
O6─H62O13 0.883(18) 2.011(19) 2.890(3) 174(3) 
O7─H71O9b 0.854(18) 1.88(2) 2.719(3) 167(4) 
O7─H72O8 0.856(18) 1.80(2) 2.637(3) 166(4) 
O13─H13BO10b 0.822(19) 1.90(2) 2.687(3) 160(4) 
O14─H14AO2a 0.811(18) 1.87(2) 2.664(3) 165(4) 
O14─H14BO1 0.811(19) 1.94(2) 2.705(3) 157(4) 
N6─H6NO4 0.87(3) 2.22(3) 2.945(4) 141(3) 
Symmetry transformations used to generate equivalent atoms: a = x,y+1,z; b = x,y-1,z 
 
Besides tridentate coordination of WNO2, O7 and O14 fill up the 
remaining positions in the basal planes (Cu1-O7 distance of 1.9558(19) Å and 




O13 in the apical positions (Cu1-O6 distance of 2.251(2) Å and Cu2-O13 
distance of 2.416(3) Å), which are in the region of weak Cu···O 
interactions.32,33 O13 acts simultaneously as hydrogen bond donor and 
acceptor towards O10 and O6 respectively [O13O10b = 2.687(3) and 
O6O13 = 2.890(3) Å; symmetry code b = x,y-1,z], while O6, O7, O14 and 
N6 participate as hydrogen bond donors towards: O3 [O6O3a = 2.764(3) Å 
symmetry code a = x,y+1,z]; O8 and O9 [O7O9b = 2.719(3) and O7O8 = 
2.637(3) Å]; O1 and O2 [O14O1 = 2.705(3) and O14O2a = 2.664(3) Å]; 
and O4 respectively [N6O4 = 2.945(4) Å]. All values reported are in good 
agreement with literature values.34-37 Two units of Cu(II) complex utilize 
hydrogen bonding interactions between the coordinated water molecules and 
phenolate oxygen atoms (O6O13, O7O8 and O14O1) to form a dimer, 
which subsequently connects with other dimers through O13O10, O6O3, 
O7O9 and O14O2 interactions between the same water molecules and 
carboxylate oxygen atoms to generate a 1D hydrogen-bonded polymer that 
propagates along the crystallographic b-axis (Figure 2-3). N6O4 interactions 
involving the indole rings and NO2 functional groups then link up 
neighbouring polymers to form a 2D sheet structure.      
 
Figure 2-3. 1D hydrogen-bonded polymer of 2-1a, with hydrogen bonds 




 Stacking of 2D sheets result in the formation of a 3D porous 
framework containing 1D channels (8.2 x 11.4 Å), which are occupied by 
lattice toluene molecules (Figure 2-4). The void space also accounts for 14% 
of the crystal volume.  
 
Figure 2-4. Space-filled packing diagram of 2-1a, with lattice toluene 
molecules displayed in ball and stick model. 
 
2-2-2-2. [Cu4(WNO2)4(bpy)2(H2O)2]∙4H2O∙2EtOH, 2-2a 
 Addition of an organic linker, bpy, into the one pot in situ mixture of 
2-1 gave green block crystals of 2-2a, which crystallized in a triclinic system 
with space group Pī. The ball and stick model is depicted in Figure 2-5, with 
selected bond lengths and bond angles listed in Table 2-3.      
 
Figure 2-5. Ball and stick model of 2-2a, showing the labelling of non-carbon 





Table 2-3. Selected bond lengths [Å] and bond angles [°] for 2-2a. 
Cu1–N1 1.935(4)  Cu2–N6 1.941(4) 
Cu1–N4 1.996(4)  Cu2–O6 1.942(3) 
Cu1–O1 1.926(3)  Cu2– O7 1.995(3) 
Cu1–O2 1.958(3)  Cu2– O11 2.296(4) 
Cu2–N5 2.001(4)    
     
O1-Cu1-N1 92.58(14)  O6-Cu2-O7 166.37(14) 
O1-Cu1-O2 173.09(13)  N6-Cu2-N5 176.10(15) 
N1-Cu1-O2 83.68(14)  O6-Cu2-N5 89.24(14) 
O1-Cu1-N4 92.86(14)  O7-Cu2-N5 94.89(13) 
N1-Cu1-N4 159.64(16)  N6-Cu2-O11 93.99(15) 
O2-Cu1-N4 92.63(13)  O6-Cu2-O11 102.30(14) 
N6-Cu2-O6 92.34(14)  O7-Cu2-O11 90.76(14) 
N6-Cu2-O7 82.77(13)  N5-Cu2-O11 89.15(14) 
  
The asymmetric unit consists of a [Cu2(WNO2)2(bpy)] fragment, two 
water molecules and one ethanol molecule which is further disordered into 
two positions with an occupancy ratio of 51 : 49. Comparing the coordination 
environments of 2-1a and 2-2a reveal that the coordinated water molecule in 
the basal plane of the former has been replaced by bpy in the latter (Cu1-N4 
distance of 1.996(4) Å and Cu2-N5 distance of 2.001(4) Å), and the apical 
position of Cu1 (2-2a) is semi-coordinated by a carboxylate O7 atom at ca. 2.6 
Å instead of a water molecule in 2-1a. These new interactions lead to the 
formation of a molecular rectangle that measures approximately 11.1 x 3.9 Å.  
 No solvent molecules are found encapsulated, possibly due to the 
cavity’s hydrophobic nature, and π-π interactions are observed between the 




1.745 Å]. Presence of an inversion center in the middle of the molecular 
rectangle also relates the metal centers at opposite corners symmetrically.  
It is interesting to note that incorporation of bpy into the one pot in situ 
mixture of 2-1 under identical reaction conditions afforded 2-2a. The organic 
linker aids in connecting two [Cu(WNO2)] subunits together to form a larger 
[Cu2(WNO2)2(bpy)] fragment, which utilizes strong π-π interactions to bring 
another fragment to close proximity for semi-coordination of Cu1-O7 to take 
place, resulting in the self-assembly of the molecular rectangle. Absence of 
bpy in 2-1a brings about hydrogen bonding interactions between the two 
copper(II) units instead, leading to the formation of 1D hydrogen-bonded 
polymers. This further highlights the importance of organic linkers in directing 
the supramolecular assemblies of coordination complexes.38,39        
 Hydrogen bond parameters for 2-2a are listed in Table 2-4. O11 
engages in hydrogen bonding interaction with the lattice water molecule O1W 
through H11B, while simultaneously participates in bifurcated interactions 
with the carboxylate O2 and O8 atoms through H11A [O11···O1W = 2.829(6) 
Å, O11···O2a = 3.271(5) Å,  O11···O8c = 2.849(5) Å; symmetry codes a = 
x,y-1,z; c = -x+2,-y+1,-z+1]. The lattice water molecule O2W also acts as a 
hydrogen bond acceptor toward the indole N3 atom and lattice ethanol 
molecule O1S simultaneously [N3···O2Wb = 2.943(6) Å, O1S···O2Wa = 




Table 2-4. Hydrogen bond parameters for 2-2a. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O1S─H1SAO2Wa 0.84 1.91 2.747(9) 177.9 
N8─H8NO3b 0.908(19) 1.91(2) 2.802(5) 168(4) 
N3─H3NO2Wb 0.89(2) 2.06(2) 2.943(6) 170(7) 
O11─H11BO1W 0.75(6) 2.09(6) 2.829(6) 165(6) 
O11─H11AO2a 0.91(6) 2.64(5) 3.271(5) 127(4) 
O11─H11AO8c 0.91(6) 2.03(6) 2.849(5) 149(5) 
Symmetry transformations used to generate equivalent atoms: a = x,y-1,z; b = -x+1,-
y+2,-z+1; c = -x+2,-y+1,-z+1 
 
 Hydrogen bonding interactions between the indole N8 and carboxylate 
O3 atoms of adjacent molecular rectangles [N8···O3b = 2.802(5) Å] result in 
the formation of 1D hydrogen-bonded polymers which propagate along the a-
axis (Figure 2-6). The space between the units is also occupied by lattice 
solvent molecules that act as hydrogen bond donors and acceptors.  
 
Figure 2-6. Hydrogen bonding interactions between molecular rectangles in a 
1D hydrogen-bonded polymer.  
 
A 3D porous framework with channels measuring 8.6 x 14.9 Å and 
void space accounting for 16% of the crystal volume is ultimately constructed 
from hydrogen bonding interactions involving O8 and O11 between polymers 





Figure 2-7. Crystal packing diagram of 2-2a, with lattice solvent molecules 
omitted for clarity. 
 
 Our research group had previously synthesized a large number of 
coordination complexes derived from reduced Schiff base ligands that 
displayed encapsulation of 1D water chains, tapes, helicates, cyclic tetramers 
and hexamers, through utilization of O-H∙∙∙O and N-H∙∙∙O hydrogen bonding 
interactions.40-42 For our case, we can expect a similar phenomenon to take 
place, since WNO2 contains indole and carboxylate groups which satisfy the 
abovementioned condition. Indeed, O11, O1W and O2W form discrete water 
trimers that are stabilized by hydrogen bonding interactions with the crystal 
lattice. Even though we are unable to locate the hydrogen atoms of O1W and 
O2W, we can still confirm the presence of hydrogen bonding interactions at ca. 
2.8 Å between O11 and O1W, and O1W and O2W. Aggregation of the water 
trimers then results in the formation of a 3D hydrogen-bonded network which 
contains star-like channels (Figure 2-8).     
 
Figure 2-8. Star-like channels made up of coordinated and lattice water 




2-2-2-3. [Cu2(WNO2)2(bpe)]·2DMF, 2-3a 
 As discussed earlier, 2-2a self-assembles into a molecular rectangle 
that contains bpy linkers separated at a distance of ca. 3.3 Å. If an analogous 
complex involving bpe instead of bpy can be synthesized, and the C=C bonds 
are aligned in a parallel fashion within a distance of 4.2 Å (Schmidt’s Rule), 
[2+2] photocycloaddition in the solid state can be achieved by irradiating the 
compound under UV light.43-45 Unfortunately, only a linear ternary complex, 
2-3a, was afforded that crystallized in the same space group and crystal 
system as 2-2a. Ball and stick model and selected bond lengths and bond 
angles are shown in Figure 2-9 and Table 2-5 respectively.   
 
Figure 2-9. Ball and stick model of 2-3a, showing the labelling of non-carbon 
atoms. The lattice DMF molecules and C-H hydrogen atoms are omitted for 
clarity. 
 
Table 2-5. Selected bond lengths [Å] and bond angles [°] for 2-3a. 
Cu1–N1 1.9311(14)  Cu1–O1 1.8957(13) 
Cu1–N4 2.0065(14)  Cu1–O2 1.9267(13) 
     
O1-Cu1-O2 176.55(5)  O1-Cu1-N4 90.02(6) 
O1-Cu1-N1 93.67(5)  O2-Cu1-N4 92.22(6) 
O2-Cu1-N1 83.97(6)  N1-Cu1-N4 175.37(6) 





 The asymmetric unit is made up of a [Cu(WNO2)(0.5bpe)] fragment, 
since the inversion center is located at the midpoint of the C=C bond of bpe, 
and two DMF molecules which exert major influences on the self-assembly of 
2-3a. The organic linker molecule also coordinates to the metal center in a 
similar fashion as 2-2a (Cu1-N4 distance of 2.0065(14) Å), but the apical 
position of Cu1 remains vacant, which is surprising to us. When we analyse 
the crystal structure of 2-2a again, we can actually observe the indole side 
chains pointing in the same direction within each [Cu2(WNO2)2(bpy)] fragme- 
nt but oriented antiparallel with respect to the side chains in the other fragment. 
This interesting phenomenon allows the fragments to come to close proximity 
during the self-assembly process. However, this is not the case for 2-3a, in 
which both functional groups are directed in an opposite manner. The bulky 
indole side chains thus prevent close approach of [Cu2(WNO2)2(bpe)] units for 
formation of our target complex.  
As to why the indole side chains of both complexes behave differently, 
we postulate that the location and steric bulkiness of the lattice solvents can 
help us explain this phenomenon. For complex 2-2a, due to close approach of 
the lattice water and ethanol molecules to bpy, the side chains within each 
[Cu2(WNO2)2(bpy)] fragment can direct themselves parallel to each other to 
facilitate hydrogen bonding and CH∙∙∙O interactions [C39O1W = 3.417, 
H39O1W = 2.472 Å, C39-H39O1W = 173.53o].46-48 However, the DMF 
molecules are located near the indole groups in 2-3a, and only engage in 
CH∙∙∙π interactions [C6SCg = 3.720, H6S2Cg = 2.882 Å, C6S-H6S2Cg 
= 143.88o]. Since the sterically bulky lattice solvent molecules aggregate near 




crowding, leading to dissimilar orientations of amino acid side chains for both 
complexes. Hydrogen bond parameters for 2-3a are listed in Table 2-6. The 
indole N3 atom acts as a hydrogen bond donor towards the carboxylate O3 
atom of another unit, leading to formation of a hydrogen-bonded step ladder 
that extends along the a-axis [N3···O3b = 2.856(2) Å; symmetry code b = 
x+1,y,z].      
Table 2-6. Hydrogen bond parameters for 2-3a. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
N3─H3NO3b 0.80(2) 2.08(2) 2.856(2) 163(2) 
Symmetry transformations used to generate equivalent atoms: a = -x,-y+2,-z; b = x+1, 
y,z 
 
 Each step ladder subsequently intercalates with one another through 
CH∙∙∙π interactions between the indole side chains and aromatic rings of the 
benzaldehydes (Figure 2-10) [C2Cg = 3.541, H2Cg = 2.644 Å, C2-H2Cg 
= 157.71o; and C3Cg = 3.468, H3Cg = 2.775 Å, C3-H3Cg = 130.57o], 
resulting in construction of 2D hydrophobic sheets (width at ca. 14.5 Å).     
 





 Stacking of 2D sheets ultimately leads to generation of a 3D layered 
structure stabilized by aforementioned CH∙∙∙π interactions (Figure 2-11). Each 
layer is also observed to be separated at a distance of ~11.2 Å, with void 
spaces occupied by DMF molecules.   
 
Figure 2-11. 3D layered structure of 2-3a, with sandwiched DMF molecules 
in capped sticks model.  
 
2-3. Physicochemical Studies 
2-3-1. Infrared Spectra 
 Table 2-7 shows the selected IR absorption bands for all complexes. 
Unfortunately, WNO2 could not be isolated for comparison with the Cu(II) 
complexes. Presence of lattice and coordinated H2O molecules result in ν(OH) 
broad bands to be observed in the range 3200 to 3500 cm-1.49,50 The ν(C=N) 
and ν(CO) phenolic stretches can also be seen at ca. 1641 and 1191 cm-1 
respectively.51,52 For all complexes, sharp bands falling in the narrow regions 
1604-1606 and 1307-1321 cm-1 correspond to νas(N=O) and νs(N=O) 
respectively.53,54 Unfortunately, νas(COO-) stretches are obscured by the large 
ν(C=N) bands and calculation of Δν to confirm the binding mode of the 




Table 2-7. Selected IR absorption bands (cm-1) of all complexes. 
Complex ν(OH) ν(C=N) νas(N=O) νs(N=O) 
ν(CO) 
phenolic 
2-1 3455 1642 1604 1307 1190 
2-2 3370 1642 1606 1321 1192 
2-3 3410 1640 1604 1313 1191 
 
2-3-2. Electronic Spectra 
Electronic absorption data for all complexes are listed in Table 2-8. CT 
bands are observed in the range 357 to 370 cm-1, together with weak d-d 
transitions (657 to 661 cm-1) that affirm the complexes’ square planar and 
square pyramidal structures.55,56 Figure 2-12 shows the UV spectrum of 2-3 
(see Appendix for other spectra).  
Table 2-8. Electronic absorption data for all complexes in MeOH. 
Complex 
Absorption bands / nma 
CT d-d 
2-1 357(890) 660(250) 
2-2 370(3710) 657(320) 
2-3 362(1970) 661(160) 








2-3-3. ESI-MS Spectra 
All ESI-MS spectra had been recorded in DMSO due to poor solubility 
of the complexes in common solvents (Table 2-9). For all complexes, they 
exist predominantly as dinuclear species in negative mode. For instance, a 
strong peak at 864.7 m/z can be assigned as formation of [Cu2(WNO2)2 + 
2H2O + H+]-, in addition to [Cu(WNO2) + NO3-]- as less intense peak at 475.9 
m/z (Figure 2-13). Unfortunately, strong DMSO peaks dominate the positive 
mode and we are unable to observe peaks correspnding to bpy or bpe for 2-2 
or 2-3. Please refer to Appendix for other spectra.   
 
Table 2-9. ESI-MS data for all complexes. 
Complex  Major molecular species (m/z, % peak height relative to most intense peak)  
2-1 
 [Cu2(WNO2)2 + 2H2O + H+]- (864.7, 100);  
[Cu(WNO2) + NO3-]- (475.9, 68) 
2-2 
 [Cu2(WNO2)2 + Na+ – 2H+]- (849.0, 100);  
[Cu2(WNO2)2 + CH3OH – H+]- (858.8, 60) 
2-3 
 [Cu2(WNO2)2 + CH3OH – H+]- (858.8, 100);  
[Cu2(WNO2)2 + H2O + H+]- (846.9, 53); 
[Cu(WNO2) + CH3OH – H+]- (445.0, 40) 
 
 




2-3-4. TGA Results 
 TGA data for all complexes are listed in Table 2-10. Only complex 2-1 
showed two stages of weight loss in the temperature range 26 – 145 oC (Figure 
2-14). The first stage corresponded to loss of one lattice water molecule 
(weight loss (%), calcd: 2.0; found: 3.4), followed by loss of four coordinated 
water molecules in the second stage (weight loss (%), calcd: 7.8; found: 8.0). 
Both complexes 2-2 and 2-3 displayed weight loss due to loss of lattice water 
molecules from 28 to 96 oC. All complexes started to decompose above 210 
oC. See Appendix for TGA profiles of 2-2 and 2-3. 
Table 2-10. TGA data of all complexes. 
Complex H2O 
Dehydration 
Temp. / oC Weight Loss / % 
Decomposition 
Temp. / oC 
2-1 5 H2O: 26 – 95 4H2O: 95 – 145 
3.4 (2.0)a 
8.0 (7.8) 245 
2-2 4 28 – 95 2.3 (3.5) 262 
2-3 2 33 – 96 2.5 (3.4) 218 
[a]: calculated weight loss in % 
 
 





 Three copper(II) complexes derived from an amino acid Schiff base 
ligand, WNO2, have been synthesized and characterized by single-crystal X-
ray diffraction and other spectroscopic methods. Complex 2-1a exists as two 
crystallographically independent units which interact with each another 
through hydrogen bonding interactions to form 1D hydrogen-bonded polymers. 
Interestingly, incorporation of bpy leads to bridging of two [Cu(WNO2)] 
subunits that subsequently utilize strong π-π interactions and semi-
coordination of Cu-O for formation of the molecular rectangle, 2-2a. 
Presences of indole and carboxylate groups in WNO2 allow for the formation 
of discrete water trimers, which subsequently undergo aggregation to generate 
a 3D hydrogen-bonded network containing star-like channels. To our surprise, 
crystallizing 2-3 from DMF afforded only a linear ternary complex, 2-3a. This 
phenomenon can be explained by considering the sterically bulky DMF 
molecules located near the equally bulky indole groups, causing the amino 
acid side chains to be directed in an opposite manner and preventing close 
approach of [Cu2(WNO2)2(bpe)] fragments for semi-coordination to take place. 
Hence, it will be worthwhile to use the same crystallization technique as 2-2a 
but in sterically less bulky solvent systems to reduce the probability of indole 







2-5. Experimental  
2-5-1. Preparation of complexes 
[Cu2(WNO2)2(H2O)4]∙H2O, 2-1 
 L-tryptophan (0.1021 g, 0.5 mmol) was dissolved in a solvent mixture 
of ethanol and water (1:1, v/v) (20 mL) and 2-hydroxy-5-nitrobenzaldehyde 
(0.0836 g, 0.5 mmol) dissolved in ethanol (20 mL) was added to this solution. 
After stirring for half an hour, Cu(NO3)2·3H2O (0.1208 g, 0.5 mmol) in water 
(5 mL) was added slowly. The dark green solution was then stirred overnight 
at room temperature and layered with toluene to give green crystals of 
[Cu2(WNO2)2(H2O)4]∙0.5C7H8, 2-1a, after 6 days. Yield: 0.28 g (60%). 
Elemental analysis for C36H36N6O15Cu2 (%), Calcd: C, 47.01; H, 3.94; N, 9.14; 
found: C, 46.90; H, 4.04; N, 8.98. IR (KBr, cm-1): 3455 ν(OH), 1642 ν(C=N), 
1604 νas(N=O), 1307 νs(N=O), 1190 ν(CO) phenolic.  
[Cu4(WNO2)4(bpy)2]∙4H2O, 2-2 
 L-tryptophan (0.1021 g, 0.5 mmol) was dissolved in a solvent mixture 
of ethanol and water (1:1, v/v) (10 mL) and 2-hydroxy-5-nitrobenzaldehyde 
(0.0836 g, 0.5 mmol) dissolved in ethanol (3 mL) was added to this solution. 
After refluxing for half an hour, Cu(NO3)2·3H2O (0.1208 g, 0.5 mmol) in 
ethanol (1 mL) was added slowly. After stirring for another half an hour, bpy 
(0.0781 g, 0.5 mmol) in ethanol (1 mL) was added, and the dark green solution 
was stirred overnight at room temperature. The solution was diffused with 
acetone to give green crystals of [Cu4(WNO2)4(bpy)2(H2O)2]∙4H2O∙2EtOH, 




O24Cu4 (%), Calcd: C, 54.06; H, 3.75; N, 10.96; found: C, 53.69; H, 3.84; N, 
11.14. IR (KBr, cm-1): 3370 ν(OH), 1642 ν(C=N), 1606 νas(N=O), 1321 vs 
(N=O), 1192 ν(CO) phenolic. 
[Cu2(WNO2)2(bpe)]·2H2O, 2-3 
 Complex 2-3 was prepared as 2-2 except that bpe was used instead of 
bpy. The green precipitate was filtered, washed with water, acetone and 
diethyl ether, and dried under vacuum. Yield: 0.34 g (65%). Elemental 
analysis for C48H40 N8O12Cu2 (%), Calcd: C, 55.01; H, 3.85; N, 10.69; found: 
C, 54.52; H, 3.71; N, 10.59. IR (KBr, cm-1): 3410 ν(OH), 1640 ν(C=N), 1604 
νas(N=O), 1313 vs (N=O), 1191 ν(CO) phenolic. 
 Green single crystals of [Cu2(WNO2)2(bpe)]·2DMF, 2-3a were obtai- 
ned after 4 days when acetonitrile was allowed to diffuse slowly into a 
saturated DMF solution of 2-3. 
2-5-2. X-ray crystallography 
 Crystal data and structure refinement for all complexes are given in 
Table 2-11. All non-hydrogen atoms were refined anisotropically except C1S 





Table 2-11. Crystal data and structure refinement for all complexes. 
 2-1a 2-2a 2-3a 
Empirical formula C19.75H18N3O7Cu C48H46N8O14Cu2 C60H64N12O14Cu2 
Formula weight 472.91 1086.01 1304.31 
Temperature 223(2) K 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Triclinic Triclinic 
Space group P21 Pī Pī 
Unit cell dimensions a = 14.9295(9) Å a = 13.049(3) Å a = 8.607(2) Å 
 b = 6.6180(4) Å b = 13.280(3) Å b = 10.903(3) Å 
 c = 20.7889(12) Å c = 15.362(3) Å c = 16.991(5) Å 
 α = 90°. α = 78.871(4)°. α = 103.100(9)°. 
 β = 91.9130(10)°. β = 77.086(5)°. β = 96.411(9)°. 
 γ = 90°. γ = 68.146(5)°. γ = 105.970(9)°. 
Volume 2052.9(2) Å3 2390.4(9) Å3 1467.1(8) Å3 
Z 4 2 1 




Absorption coefficient 1.112 mm-1 0.967 mm-1 0.803 mm-1 
F(000) 970 1120 678 
Crystal size 0.60 x 0.17 x 0.12 mm3 0.60 x 0.48 x 0.24 mm3 0.381 x 0.214 x 0.060 mm3 
Theta range for data 
collection 1.65 to 27.49°. 1.66 to 25.00°. 2.068 to 27.499°. 
Index ranges 
-19<=h<=14, -15<=h<=15, -11<=h<=11, 
-8<=k<=8, -15<=k<=15, -14<=k<=14, 
-26<=l<=24 -17<=l<=18 -22<=l<=22 
Reflections collected 14389 13627 59843 
Independent reflections 9094 [R(int) = 0.0246] 8366 [R(int) = 0.0291] 6743 [R(int) = 0.0535] 
Completeness to theta 99.7% 99.2% 99.9% 





Max. and min. 
transmission 0.8782 and 0.5552 0.8012 and 0.5947 0.7457 and 0.6905 
Refinement method Full-matrix least-squares on F2 
Full-matrix least-squares on 
F2 





Data / restraints / 
parameters 9094 / 19 / 563 8366 / 24 / 678 6743 / 0 / 405 
Goodness-of-fit on F2 1.039 1.075 1.050 
Final R indices 
[I>2sigma(I)] R1 = 0.0382, wR2 = 0.0967 R1 = 0.0631, wR2 = 0.1890 R1 = 0.0336, wR2 = 0.0786 
R indices (all data) R1 = 0.0415, wR2 = 0.0991 R1 = 0.0774, wR2 = 0.2114 R1 = 0.0432, wR2 = 0.0820 
Absolute structure 
parameter 0.009(9) - - 
Largest diff. peak and 
hole 0.635 and -0.312 e.Å
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Figure A2-1. UV spectrum of 2-1 in MeOH. 
 
 






Figure A2-3. ESI-MS spectrum of 2-2. 
  
 






Figure A2-5. TGA profile of 2-2. 
 
 


















Structural Analysis of a Series of Copper(II) Schiff Base Complexes Derived 












 Amino acids have been known to play important supramolecular roles 
that dictate the functions and structures of proteins due to their various side 
groups that can offer many non-covalent interactions. For example, the 
imidazole ring of histidine has been known to coordinate strongly to transition 
metal ions in many biologically important molecules such as vitamin B12 and 
many metalloproteins.1 Through a simple condensation reaction with 
salicylaldehyde or its analogues, an amino acid Schiff base can be formed, 
which upon complexation with different metal ions, can act as non-enzymatic 
models for pyridoxal-amino acid systems, thereby playing key roles in many 
metabolic reactions of amino acids catalyzed by enzymes with pyridoxal as 
cofactor.2 This class of ligands and their complexes also display interesting 
properties such as bactericidal, antiviral, fungicidal and antitubercular 
activities.3,4 However, external stimuli such as pH, solvent and temperature 
can strongly influence the type of supramolecular frameworks that can be 
obtained, since they contain imino, hydroxyl and carboxyl functionalities.5,6 
For example, Exarhos and co-workers successfully synthesized six 
cadmium(II) complexes containing tetradentate asymmetrical Schiff base 
ligand, and by tuning the pH of the reaction mixture in the range 3 to 8, they 
were able to convert from one complex to another, leading to formation of 
mononuclear ionic pairs, neutral dinuclear and 1D chain-like structures.7    
 This chapter describes the synthesis, crystal structures and 
physicochemical studies of four copper(II) Schiff base complexes derived 
from L-glutamic acid. In order to investigate how esterification of γ-




all complexes were prepared in different solvent systems and pH to allow or 
prevent esterification from occurring. Crystal structures were then superim- 
posed to study the impact on hydrogen bonding networks.   
3-2. Results and Discussion 
3-2-1. Synthesis 
 All the copper(II) Schiff base complexes, [Cu(E*NO2)][Cu(E*NO2) 
(H2O)2]·H2O [E*NO2 = Schiff base formed between L-glutamic acid and 2-
hydroxy-5-nitrobenzaldehyde, with terminal carboxylate group esterified], 3-1, 
[Cu(ENO2)(H2O)]·H2O [ENO2 = Schiff base of E*NO2 without esterifi- 
cation], 3-2, [Cu(E*Nap)] [E*Nap = Schiff base formed between L-glutamic 
acid and 2-hydroxy-1-naphthaldehyde, with terminal carboxylate group 
esterified], 3-3, and {Na[Cu(ENap)(H2O)2]}·2H2O [ENap = Schiff base of 
E*Nap without esterification], 3-4, had been synthesized through one pot in 
situ reactions as the amino acid Schiff bases could not be isolated. Single 
crystals suitable for X-ray diffraction were then afforded from the filtrates 
through crystallization techniques such as layering, vapor diffusion and slow 
evaporation in moderate yields.  
All complexes were observed to have poor solubilities in common 
solvents except DMSO and DMF. The Schiff base ligands also differ in the 
functional groups on the aromatic ring, as well as substituents on the α-carbon 
of the carboxylate group, resulting in dissimilar Cu(II) coordination 





Figure 3-1. Schematic representations of ligands, with (a) R1 = 
CH2CH2COOMe (E*NO2) and CH2CH2COOH (ENO2), and (b) R2 = 
CH2CH2COOMe (E*Nap) and CH2CH2COOH (ENap).    
 
3-2-2. Description of crystal structures 
 Complexes 3-1 (Cu1) and 3-4a are found to adopt distorted square 
pyramidal geometries, with τ values 0.077 and 0.086 respectively, except for 
3-1 (Cu2), 3-2 and 3-3 which possess square planar geometries. The amino 
acid Schiff base tridentate ligands also coordinate to the Cu(II) centers in a 
mer fashion through the phenolate oxygen, imine nitrogen and carboxylate 
oxygen atoms, forming five- and six-membered chelate rings. Cu-N (imine) 
bond distances are found in the range 1.909(3) to 1.933(2) Å, together with 
Cu-O bond distances involving the phenolate or carboxylate oxygen atoms in 
the range 1.887(3) to 1.9245(18) Å and 1.936(2) to 1.997(3) Å respectively. 
Dihedral angles between the two mean ring planes and displacement of the 
metal centers out of the mean planes defined by the donor atoms are also 
observed in the range 1.31 to 12.98o and 0.012 to 0.139 Å respectively. All 
values reported are in close agreement with those of related compounds.8,9 
Schematic represe-ntations and reaction scheme of all complexes are depicted 




Scheme 3-1. Schematic representations of all complexes. 
 
 
Scheme 3-2. Reaction scheme of all complexes. 
 
 
3-2-2-1. [Cu(E*NO2)][Cu(E*NO2)(H2O)2]·H2O, 3-1 
 To our surprise, using L-glutamic acid and carrying out the reaction in 
pure methanolic condition afforded 3-1, in which esterification of the γ-




with space group P21/n, and selected bond lengths and bond angles are listed 
in Table 3-1. Two crystallographically independent Cu(II) centers, together 
with a lattice water molecule, are present in the asymmetric unit, and we can 
also observe two water molecules coordinating to Cu1 (Cu1-O8 distance of 
2.283(2) Å and Cu1-O9 distance of 1.9318(19) Å) (Figure 3-2).  
Closer inspection of the Cu(II) coordination environments reveal that 
one of the α-carboxylate groups bridges both metal centers in triatomic syn-
anti mode, while the remaining one adopts terminal mode.10-14 Low pH of the 
reaction mixture contributed to esterification of the γ-carboxylate groups, 
which is not desirable in this case as it prevents possible coordination to the 
metal centers to form higher-dimensional polymers with unique structural 
properties.10-12 
 
Figure 3-2. Ball and stick model of 3-1, showing the labelling of non-carbon 






Table 3-1. Selected bond lengths [Å] and bond angles [°] for 3-1. 
Cu1–N4 1.933(2)  Cu2–N1 1.922(2) 
Cu1–O1 1.9245(18)  Cu2–O3 1.9688(18) 
Cu1–O2 1.9606(19)  Cu2– O10 1.893(2) 
Cu1–O8 2.283(2)  Cu2– O11 1.936(2) 
Cu1–O9 1.9318(19)    
     
O1–Cu1–O9 88.22(8)  N4–Cu1–O8 89.14(9) 
O1–Cu1–N4 93.71(9)  O2–Cu1–O8 88.33(8) 
O9–Cu1–N4 172.03(9)  O10–Cu2–N1 95.49(9) 
O1–Cu1–O2 172.10(8)  O10–Cu2–O11 179.21(9) 
O9–Cu1–O2 93.43(8)  N1–Cu2–O11 83.90(9) 
N4–Cu1–O2 83.63(8)  O10–Cu2–O3 88.96(8) 
O1–Cu1–O8 99.10(9)  N1–Cu2–O3 175.44(9) 
O9–Cu1–O8 98.20(9)  O11–Cu2–O3 91.63(8) 
 
 Hydrogen bond parameters are listed in Table 3-2. O1W acts 
simultaneously as hydrogen bond donor and acceptor towards the carboxylate 
O12 atom and O9 respectively [O1WO12 = 2.866(3) and O9O1Wc = 
2.683(3) Å; symmetry code c = -x+1/2,y-3/2,-z+3/2], while O8 and O9 
participate as hydrogen bond donors towards: phenolate O1 atom and O12 
[O8O1b = 2.879(3) and O8O12a = 2.800(3) Å; symmetry codes a = -
x+1/2,y-1/2,-z+3/2; b = x,y+1,z]; and O1W and carboxylate O11 atom 
respectively [O9O11d = 2.681(3); symmetry code d = x,y-1,z]. Each unit of 
3-1 interacts with one another along the crystallographic b-axis through a 
combination of hydrogen bonds, offset parallel π-π [Cg1Cg1 = 5.294, 
perpendicular distance 2.907 and slippage 4.424 Å; Cg2Cg2 = 5.294, 




interactions [Cg3Cg3 = 3.520, perpendicular distance 3.473 and slippage 
0.573 Å] to construct a 1D hydrogen-bonded polymer (Figure 3-3).    
Table 3-2. Hydrogen bond parameters for 3-1. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O8─H8OAO12a 0.834(19) 2.01(2) 2.800(3) 157(4) 
O8─H8OBO1b 0.842(19) 2.04(2) 2.879(3) 171(4) 
O9─H9OAO1Wc 0.829(18) 1.87(2) 2.683(3) 168(4) 
O9─H9OBO11d 0.842(18) 1.86(2) 2.681(3) 166(4) 
O1W─H1WO2b 0.826(19) 2.40(2) 3.162(3) 153(4) 
O1W─H2WO12 0.835(19) 2.04(2) 2.866(3) 169(4) 
Symmetry transformations used to generate equivalent atoms: a = -x+1/2,y-1/2,-z+3/2; 
b = x,y+1,z; c = -x+1/2,y-3/2,-z+3/2; d = x,y-1,z. 
 
 
Figure 3-3. Ball and stick model depicting 1D hydrogen-bonded polymer, 
with hydrogen bonds, offset parallel π-π and metalloaromatic interactions 
represented as red, blue and green dotted lines respectively. 
 
 Two strands of polymers then engage in further hydrogen bonding 
interactions with the lattice water molecules to form a dimeric structure, and 
weak intermolecular interactions involving the nitro O14 and carboxylate O16 
atoms [O14···O14 = 2.856 Å and O14···O16 = 2.911 Å] connect the dimers 
together to construct a 2D sheet structure that propagates in a diagonal fashion 





Figure 3-4. 2D sheet structure of 3-1, with dimers depicted in different 
colours. Hydrogen bonds and weak intermolecular interactions are displayed 
as red and blue dotted lines respectively.    
 
 Stacking of the sheets through CH∙∙∙O interactions (C∙∙∙O distances in 
the range 3.166 to 3.333 Å) result in the formation of a 3D network (Figure 3-
5).15-18  
 





3-2-2-2. [Cu(ENO2)(H2O)]·H2O, 3-2 
 When the same reaction as 3-1 but in a solvent system of CH3CN:H2O 
(1:1) with two equivalents of sodium hydroxide was carried out, 3-2 was 
obtained, which crystallized in the same crystal system but with space group 
C2 and absence of esterification. As compared to 3-1, which consists of two 
crystallographically independent metal centers with different coordination 
geometries, the asymmetric unit of 3-2 contains a single Cu(II) unit and a 
lattice water molecule (Figure 3-6). Selected bond lengths and bond angles are 
listed in Table 3-3.    
 
Figure 3-6. Ball and stick model of 3-2, showing the labelling of non-carbon 
atoms. The lattice water molecule and C-H hydrogen atoms are omitted for 
clarity. 
 
Table 3-3. Selected bond lengths [Å] and bond angles [°] for 3-2. 
Cu1–N1 1.927(2)  Cu1–O4 1.9519(18) 
Cu1–O1 1.9060(18)  Cu1–O8 1.9302(18) 
     
O1–Cu1–N1 93.48(8)  O1–Cu1–O4 172.25(8) 
O1–Cu1–O8 89.16(8)  N1–Cu1–O4 84.26(8) 





 Only one water molecule coordinates to the metal center in the basal 
plane, while the apical position is semi-coordinated by the carboxylate O5 
atom of another unit (Cu1-O8 distance of 1.9302(18) Å and Cu1-O5 distance 
of ~2.448 Å). It is this weak interaction that results in the formation of a 1D 
coordination polymer that extends along the b-axis (Figure 3-7). However, this 
is not the case for 3-1, which only displays a 1D hydrogen-bonded polymer 
along the same axis due to the absence of this interaction.   
 
Figure 3-7. 1D coordination polymer of 3-2, which propagates along the b-
axis.  
 
 When we compare the Cu(II) coordination environments of 3-1 and 3-
2, we can observe that the γ-carboxylate groups of 3-2 are oriented closer to 
the metal centers in order to participate in hydrogen bonding interactions with 
other units. Steric crowding may have caused bridging of the metal centers to 
occur near perpendicular to the square plane. For complex 3-1, esterification 
of the γ-carboxylate groups prevent hydrogen bonding interactions and 
coordination to metal centers, explaining why they are oriented further away 
from the metal centers. Lesser steric crowding will mean bridging can take 





Figure 3-8. Diagrams depicting orientations of γ-carboxylate groups of (a) 3-1 
and (b) 3-2. Mean planes defined by the donor atoms around Cu(II) are 
represented in red.  
 
 Hydrogen bond parameters are listed in Table 3-4. O1W acts 
simultaneously as hydrogen bond donor and bifurcated acceptor (3-centered) 
towards: O5 and O6 [O1WO5a = 2.832(3) and O1WO6 = 2.834(3) Å; 
symmetry code a = x,y-1,z]; and O7 and O8 respectively [O7O1Wc = 
2.693(2) and O8O1Wb = 2.750(3) Å; symmetry codes b = -x+3/2,y-1/2,-z+1; 
c = -x+2,y+1,-z+1]. O8 is also involved as a hydrogen bond donor towards 
O1W and O4 [O8O4b = 2.691(3) Å].     
Table 3-4. Hydrogen bond parameters for 3-2. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O1W─H2WO6 0.830(19) 2.03(2) 2.834(3) 163(3) 
O1W─H1WO5a 0.831(19) 2.03(2) 2.832(3) 163(4) 
O8─H82O4b 0.821(19) 1.89(2) 2.691(3) 163(5) 
O8─H81O1Wb 0.832(19) 1.98(2) 2.750(3) 154(3) 
O7─H7O1Wc 0.84 1.91 2.693(2) 154.9 
Symmetry transformations used to generate equivalent atoms: a = x,y-1,z; b = -





 Within a 1D coordination polymer, offset parallel π-π interaction is 
observed between the aromatic rings of the benzaldehydes [CgCg = 4.894, 
perpendicular distance 3.259 and slippage 3.651 Å], and together with 
intermolecular hydrogen bonding interactions, lead to the formation of a 2D 
sheet structure which extends along the a-axis (Figure 3-9). Similar to 
complex 3-1, CH∙∙∙O interactions acting in concert (C∙∙∙O distances in the 
range 3.194 to 3.313 Å) allow for the stacking of 2D sheets to form a 3D 
network (Figure 3-10).  
 
Figure 3-9. 2D sheet structure of 3-2.  
 
 





3-2-2-3. [Cu(E*Nap)], 3-3 
 Using 2-hydroxy-1-naphthaldehyde and repeating the reaction in pure 
methanolic condition afforded another esterified product, 3-3, which 
crystallized with space group P21 and contains no lattice or coordinated 
solvent molecule in the asymmetric unit (Figure 3-11). Selected bond lengths 
and bond angles are listed in Table 3-5. Uniquely to complex 3-3, besides 
binding of the tridentate Schiff base ligand, the rest of the coordination sites 
are occupied by the carboxylate O2 and O3 atoms of another complex (Cu1-
O2a distance of 1.985(2) Å and Cu1-O3 distance of ~2.536 Å).       
 
Figure 3-11. Ball and stick model of 3-3, showing the labelling of non-carbon 
atoms. C-H hydrogen atoms are omitted for clarity. 
 
Table 3-5. Selected bond lengths [Å] and bond angles [°] for 3-3. 
Cu1–N1 1.909(3)  Cu1–O2 1.997(3) 
Cu1–O1 1.887(3)  O2-Cu1b 1.985(2) 
Cu1-O2a 1.985(2)    
     
O1–Cu1–N1 92.66(12)  O1–Cu1–O2 170.10(11) 
O1–Cu1–O2a 90.29(11)  N1–Cu1–O2 83.10(12) 
N1–Cu1–O2a 173.33(12)  O2a–Cu1–O2 94.88(7) 





 Upon closer scrutiny of the Cu(II) coordination environment, it can be 
observed that the carboxylate group connects to three metal centers through 
bridging µ3-η1:η2 mode, resulting in the formation of a distorted six-membered 
ring.19 Strong Cu1-O2 interactions link two metal centers from two different 
units to construct a dimeric framework, in which the square planes are lying at 
an angle of ~65.48o with respect to each other, as opposed to 3-2 with square 
planes exhibiting parallelism between units. Weak Cu1···O3 interactions then 
propagate the dimers along the crystallographic b-axis to form a 1D 
coordination polymer (Figure 3-12). 
 
Figure 3-12. 1D coordination polymer of 3-3, with distorted six-membered 
rings depicted in green.   
 
 The Cu1b-O2-Cu1 bond angle is measured to be 127.97(13)o, and a 
search through the Cambridge Crystallographic Data Centre (CCDC) of Cu-
Cu distances ranging from 3.5 Å to 4.0 Å reveals only one hit of 3.527 Å, 
which is still shorter than the shortest Cu···Cu distance of 3.579 Å present in 
the polymer, implying absence of direct and substantial metal-metal 




 Besides Cu-O interactions mentioned earlier, each unit within a 1D 
polymer is held together by offset parallel π-π stacking interactions between 
the naphthalene rings [CgCg = 4.939 – 4.975, perpendicular distance 3.313 – 
3.262 and slippage 3.663 – 3.709 Å] (Figure 3-13). Due to the absence of 
lattice and coordinated solvent molecules, no hydrogen bonding interactions 
are observed. However, stacking of 1D coordination polymers along both a- 
and c-axes generates a 3D network (Figure 3-14). 
 
Figure 3-13. Offset parallel π-π interactions between naphthalene rings within 
a 1D polymer.  
 
 





3-2-2-4. [Cu(ENap)(H2O)2], 3-4a 
Following a similar method to arrest esterification of 3-2, complex 3-
4a was obtained, which crystallized in an orthorhombic system with space 
group P212121. Selected bond lengths and bond angles are listed in Table 3-6. 
Unlike complex 3-3, which contains two coordination sites occupied by 
carboxylate oxygen atoms, 3-4a features two coordinated water molecules, 
and this phenomenon greatly affects the type and number of non-covalent 
interactions that can be observed for both complexes (Cu1-O1W distance of 
2.2661(15) Å and Cu2-O2W distance of 1.9699(15) Å) (Figure 3-15).  
 
Figure 3-15. Ball and stick model of 3-4a, showing the labelling of non-
carbon atoms. C-H hydrogen atoms are omitted for clarity. 
 
Table 3-6. Selected bond lengths [Å] and bond angles [°] for 3-4a. 
Cu1–N1 1.9208(16)  Cu1–O1W 2.2661(15) 
Cu1–O1 1.9159(15)  Cu1-O2W 1.9699(15) 
Cu1-O2 1.9698(15)    
     
O1–Cu1–N1 93.27(7)  O2–Cu1–O2W 92.46(6) 
O1–Cu1–O2 173.22(6)  O1–Cu1–O1W 91.87(6) 
N1–Cu1–O2 84.00(7)  N1–Cu1–O1W 101.09(6) 
O1–Cu1–O2W 89.15(6)  O2–Cu1–O1W 94.74(6) 





Hydrogen bond parameters are listed in Table 3-7. The carboxylate O5 
atom, O1W and O2W act as hydrogen bond donors towards: the carboxylate 
O2 atom [O5O2d = 2.686(2) Å; symmetry code d = -x+2,y+1/2,-z+1/2]; the 
carboxylate O3 and O4 atoms [O1WO3c = 2.725(2) and O1WO4b = 
2.686(2) Å; symmetry codes b = -x+2,y-1/2,-z+1/2; c = x-1,y,z]; and the 
phenolate O1 atom and O1W respectively [O2WO1a = 2.773(2) and 
O2WO1Wa = 2.773(2) Å; symmetry code a = x+1/2,-y-1/2,-z]. Each unit of 
3-4a interacts with another in close proximity through O1, O1W and O2W to 
form a dimer with square planes tilted at an angle of 74.06º relative to each 
other. Two carboxylate ‘tails’ also extend out from each dimer in both 
directions along the bc plane, interacting with the coordinated water molecules 
of other dimers to construct a 2D sheet structure consisting of alternating 
hydrophobic and hydrophilic regions (Figures 3-16 and 3-17). Stacking of 
these sheets ultimately leads to formation of a 3D layered structure that 
propagates into the crystallographic a-axis.     
Table 3-7. Hydrogen bond parameters for 3-4a. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O2W─H2BO1Wa 0.838(10) 2.006(15) 2.773(2) 152(2) 
O2W─H2AO2Wa 0.84 2.43 3.0645(5) 132.6 
O2W─H2AO1a 0.84 2.10 2.773(2) 136.5 
O1W─H1BO4b 0.831(10) 1.899(11) 2.713(2) 167(2) 
O1W─H1AO3c 0.84 1.89 2.725(2) 170.3 
O5─H5O2d 0.84 1.86 2.686(2) 168.9 
Symmetry transformations used to generate equivalent atoms: a = x+1/2,-y-1/2,-z; b = 






Figure 3-16. Hydrogen bonding interactions between dimers (orange), with 
carboxylate ‘tails’ depicted in green. 
 
 
Figure 3-17. Packing diagram of 3-4a, showing alternating hydrophobic and 
hydrophilic regions.  
 
3-2-3. Comparison of crystal structures 
 In order to investigate how the orientations of carboxylate groups and 
their ester counterparts can influence the hydrogen bonding networks, crystal 
structures are superimposed by overlapping the phenolate O atoms, imine 




remaining parts flexible.21 Only Cu1 of 3-1 is used for comparison since it 
adopts the same coordination geometry as other complexes when weak Cu···O 
interactions in the apical positions are considered. When we analyze the 
orientations of amino acid side chains of complexes 3-1 and 3-2, we can 
observe that -CH2COOMe of the former is directed near perpendicular to the 
square plane defined by the donor atoms, while -CH2COOH of the latter is 
oriented near parallel (Figure 3-18). The reasons are due to steric hindrance 
and hydrogen bonding interactions as mentioned earlier, resulting in vast 
differences between packing diagrams of 3-1 and 3-2. See Appendix for other 
superimposed images.    
 
Figure 3-18. Superimposed images of 3-1 (pink) and 3-2 (magenta). 
 
 Comparing complexes 3-3 and 3-4a which contain naphthalene rings, 
the superimposed images appear quite similar, with the carboxylate group of 
the latter rotated by ca. 50o with respect to the ester group of the former in 
order to form hydrogen bonds with other units. This phenomenon accounts for 





Figure 3-19. Packing diagrams illustrating different alignments of hydrophilic 
regions of (a) 3-3 and (b) 3-4a.  
 
 To further probe into how different functional groups on the aromatic 
ring can affect orientations of amino acid side chains, 3-1 is compared against 
3-3, and 3-2 is compared against 3-4a respectively. The first comparison 
reveals bending of -CH2COOMe in 3-3 by nearly 90o with respect to 3-1 so as 
to minimize steric hindrance with neighboring naphthalene rings. Weak 
intermolecular interactions involving the nitro and ester groups are also 
possible in 3-1, resulting in linear -CH2COOMe. Comparing complexes 3-2 
and 3-4a, the carboxylate group of the former is directed towards the metal 
center, while the latter shows the same group facing away from Cu(II). This is 
to facilitate hydrogen bonding interactions between 1D coordination polymers 
of complex 3-2 to construct 2D sheets, as well as allowing carboxylate ‘tails’ 
of 3-4a to bring the naphthalene rings into close proximity for construction of 
hydrophobic regions. All the aforementioned results indicate the effects of 






3-3. Physicochemical Studies 
3-3-1. Infrared Spectra 
 Selected IR absorption bands for all complexes are listed in Table 3-8. 
Unfortunately, the amino acid Schiff bases could not be isolated for 
comparison with their corresponding Cu(II) complexes. Broad bands 
attributed to ν(OH) can be observed in the IR spectra in the range 3200 to 
3500 cm-1 due to presence of lattice and coordinated water molecules. The 
slight hygroscopic nature of 3-3 explains for this band even though no water 
molecule is observed in the crystal structure. The ν(C=N) and ν(CO) phenolic 
stretches can also be seen from 1619 to 1655 and 1169 to 1187 cm-1 
respectively.  
For complexes 3-1 and 3-2, sharp bands falling in the region 1585-
1597 and at ca. 1330 cm-1 can be assigned to νas(N=O) and νs(N=O) 
respectively.21,22 Due to esterification of γ-carboxylate groups for 3-1 and 3-3, 
the ν(C=O) stretches are shifted to higher wavenumbers at ca. 1736 cm-1, with 
an additional band (~1717 cm-1) observed for the latter due to bridging µ3-
η1:η2 mode.23,24 This also explains why ν(C=O) of 3-2 is located at lower 
wavenumber (~1707 cm-1) due to absence of esterification.25,26 Regrettably, 
the large ν(C=N) bands obscure νas(COO-) stretches and calculation of Δν to 








Table 3-8. Selected IR absorption bands (cm-1) of all complexes. 
Complex ν(OH) ν(C=O) ν(C=N) νas(N=O) νs(N=O) 
ν(CO) 
phenolic 
3-1 3451 1738 1645 1585 1330 1169 
3-2 3452 1707 1655 1597 1329 1187 
3-3 3419 1717, 1734 1642 - - 1186 
3-4 3416 - 1619 - - 1187 
 
3-3-2. Electronic Spectra 
 Electronic absorption data for all complexes are listed in Table 3-9. All 
complexes displayed strong CT bands in the range 316 to 386 cm-1, together 
with weak d-d transitions (643 to 669 cm-1) that affirm their square planar and 
square pyramidal structures.27,28 Complexes 3-3 and 3-4, which bear naphthyl 
moieties, display one extra CT band (~320 nm) attributed to π→π* transition 
of the naphthyl ring, and conjugation of this fused benzene system leads to 
bathochromic shift of the other CT band when compared against 3-1 and 3-2 
that contain electronegative nitro groups.29,30  
Comparing complexes 3-1 and 3-2, as well as complexes 3-3 and 3-4, 
we can observe that esterification does not exert much influence on the UV 
spectra, as evident from small wavelength shifts of ~1 nm. This can be 
explained by considering that the γ-carboxylate groups are not involved in 
conjugation or coordination to Cu(II) centers to cause significant displacement 
of the bands. Figure 3-20 shows the UV spectrum of 3-3 (see Appendix for 






Table 3-9. Electronic absorption data for all complexes in MeOH. 
Complex 
Absorption bands / nma 
CT d-d 
3-1 359(29900) 669(250) 
3-2 358(19900) 667(150) 
3-3 316(25100) 386(20700) 645(380) 
3-4 318(4800) 386(4000) 643(290) 




Figure 3-20. UV spectrum of 3-3 in MeOH. 
 
3-3-3. ESI-MS Spectra 
 All ESI-MS spectra had been recorded either in MeOH or a solvent 
mixture of MeOH and DMSO depending on the solubilities of the complexes 
(Table 3-10). For all complexes, they exist predominantly in solution as 
dinuclear species, together with mononuclear species present in smaller 
amounts. For instance, a strong peak at 764.9 m/z can be assigned as formation 
of [Cu2(E*NO2)2 + Na+]+, in addition to [Cu(E*NO2) + 3H2O + H+]+ as less 




Through ESI-MS, we are able to further confirm the presence of 
esterification in 3-1 and 3-3, by identifying similar molecular species of 3-2 
and 3-4, and finding out the difference in m/z (Δm/z) between the pair. For 
example, comparing [Cu2(Ligand)2 + Na+]+ of 3-1 and 3-2, Δm/z is calculated 
as 28 m/z which comes from two methyl groups in 3-1. Please refer to 
Appendix for other spectra.   
Table 3-10. ESI-MS data for all complexes. 
Complex  Major molecular species (m/z, % peak height relative to most intense peak)  
3-1 
 [Cu2(E*NO2)2 + Na+]+ (764.9, 100);  
[Cu(E*NO2) + 3H2O + H+]+ (425.6, 40) 
3-2 
 [Cu2(ENO2)2 – H+]- (713.0, 100);  
[Cu2(ENO2)2 + Na+]- (736.9, 36); 
[Cu(ENO2) – COO – H+]- (312.2, 28); 
[Cu(ENO2) + 2CH3OH]- (421.1, 20) 
3-3 
 [Cu2(E*Nap)2 + CH3OH – H+]- (783.0, 100); 
[Cu(E*Nap) + 2Na+ – H+]- (421.0, 42) 
3-4 
 [Cu2(ENap)2 – H+]- (722.9, 100);  
[Cu(ENap) – H+]- (360.9, 55); 
[Cu(ENap) – COO – H+]- (317.0, 44); 
[Cu(ENap) + 2Na+ – H+]- (406.9, 26); 
[Cu2(ENap)2 + Na+]- (746.8, 23) 
 
 




3-3-4. TGA Results 
 TGA data for all complexes are listed in Table 3-11. All complexes 
showed weight loss due to coordinated and lattice water molecules from 33 to 
166 oC except for 3-3. All complexes started to decompose above 140 oC. 
Figure 3-22 shows the TGA profile of 3-1 (see Appendix for other profiles).  
Table 3-11. TGA data of all complexes. 
Complex H2O 
Dehydration 
Temp. / oC Weight Loss / % 
Decomposition 
Temp. / oC 
3-1 3 51 – 149 8.5 (6.8)a 149 
3-2 1.9 82 – 166 7.4 (8.7) 204 
3-3 - - - 202 
3-4 4 33 – 132 16.5 (15.7) 191 
[a]: calculated weight loss in % 
 
 







 Four copper(II) Schiff base complexes derived from L-glutamic acid 
have been synthesized and characterized by single-crystal X-ray diffraction 
and other spectroscopic methods. Carrying out the reactions in pure 
methanolic conditions afforded 3-1 and 3-3, which contain esterified γ-
carboxylate groups. However, repeating the same processes in solvent 
mixtures of acetonitrile and water gave 3-2 and 3-4a, which show absences of 
esterification. Superposition of crystal structures reveal differences in all 
packing diagrams, attributed to hydrogen bonding interactions and steric 
effects that cause bending and rotation of amino acid side chains. 
Unfortunately, γ-carboxylate groups of 3-2 and 3-4a remain protonated, 
preventing coordination to metal centers. It will therefore be worthwhile to 
carry out pH tuning studies to determine the pH range in which deprotonation 
occurs. This will allow us to specifically engineer the supramolecular 
frameworks that we desire for possible hard and soft applications such as 
sensing and chirality control.31     
3-5. Experimental  
3-5-1. Preparation of complexes 
[Cu(E*NO2)][Cu(E*NO2)(H2O)2]·H2O, 3-1 
 L-glutamic acid (0.0736 g, 0.5 mmol) and sodium hydroxide (0.0200 g, 
0.5 mmol) were refluxed until dissolved in methanol (25 mL). 2-hydroxy-5-
nitrobenzaldehyde, (0.0836 g, 0.5 mmol) dissolved in methanol (3 mL) was 




(0.1208 g, 0.5 mmol) dissolved in methanol (3 mL) was then added to this 
yellow solution and the dark green solution obtained was stirred overnight at 
room temperature. The solution was layered with toluene and green crystals 
were obtained after 4 days. Yield: 0.22 g (55%). Elemental analysis for 
C26H30N4O17Cu2 (%), Calcd: C, 39.15; H, 3.79; N, 7.02; found: C, 39.20; H, 
3.47; N, 7.09. IR (KBr, cm-1): 3451 ν(OH), 1738 ν(C=O), 1645 ν(C=N), 1585 
νas(N=O), 1330 νs(N=O), 1169 ν(CO) phenolic. 
[Cu(ENO2)(H2O)]·H2O, 3-2 
 Complex 3-2 was prepared as 3-1 except that two equivalents of 
sodium hydroxide was employed instead of one equivalent and the reaction 
was carried out in a solvent mixture of acetonitrile and water (1:1, v/v) (14 
mL). The solution was diffused with toluene and green crystals were obtained 
after 6 days. Yield: 0.11 g (57%). Elemental analysis for C12H14N2O9Cu (%), 
Calcd: C, 36.60; H, 3.58; N, 7.11; found: C, 36.26; H, 3.36; N, 7.60. IR (KBr, 
cm-1): 3452 ν(OH), 1707 ν(C=O), 1655 ν(C=N), 1597 νas(N=O), 1329 
νs(N=O), 1187 ν(CO) phenolic. 
[Cu(E*Nap)], 3-3 
 Complex 3-3 was prepared as 3-1 except that 2-hydroxy-1-naphth-
aldehyde was used instead of 2-hydroxy-5-nitrobenzaldehyde. Slow evapora- 
tion of the solution gave green crystals after 5 days. Yield: 0.11 g (61%). 
Elemental analysis for C17H15NO5Cu (%), Calcd: C, 54.18; H, 4.01; N, 3.72; 
found: C, 54.01; H, 3.74; N, 3.65. IR (KBr, cm-1): 3419 ν(OH), 1717, 1734 





 Complex 3-4 was prepared as 3-2 except that 2-hydroxy-1-naphtha-
ldehyde was used instead of 2-hydroxy-5-nitrobenzaldehyde and a solvent 
mixture of acetonitrile and water (1:2, v/v) (21 mL) was employed. The green 
precipitate was filtered, washed with acetone and diethyl ether, and dried 
under vacuum. Yield: 0.13 g (55%). Elemental analysis for C16H20NO9NaCu 
(%), Calcd: C, 42.06; H, 4.41; N, 3.07; found: C, 41.87; H, 4.62; N, 2.96. IR 
(KBr, cm-1): 3416 ν(OH), 1619 ν(C=N), 1187 ν(CO) phenolic. 
 Slow evaporation of the filtrate afforded green needle-like crystals of 
[Cu(ENap)(H2O)2], 3-4a, after four days. 
3-5-2. X-ray crystallography 
 Crystal data and structure refinement for all complexes are given in 
Table 3-12. All non-hydrogen atoms were refined anisotropically except C21A, 




Table 3-12. Crystal data and structure refinement for all complexes. 
 3-1 3-2 3-3 3-4a 
Empirical formula C26H30N4O17Cu2 C12H14N2O9Cu C17H15NO5Cu C16H17NO7Cu 
Formula weight 797.62 393.79 376.84 398.85 
Temperature 100(2) K 100(2) K 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic 
Space group P21/n C2 P21 P212121 
Unit cell 
dimensions a = 19.4182(8) Å a = 17.528(3) Å a = 10.109(3) Å a = 6.0835(8) Å 
 b = 5.2936(2) Å b = 4.8935(9) Å b = 4.9390(12) Å b = 14.6623(18) Å 
 c = 29.1294(12) Å c = 18.459(3) Å c = 15.308(4) Å c = 17.621(2) Å 
 α = 90°. α = 90°. α = 90°. α = 90°. 
 β = 93.7040(10)°. β = 116.501(3)°. β = 102.673(6)°. β = 90°. 
 γ = 90°. γ = 90°. γ = 90°. γ = 90°. 
Volume 2988.0(2) Å3 1416.9(4) Å3 745.7(3) Å3 1571.7(3) Å3 
Z 4 4 2 4 
Density 
(calculated) 1.773 Mg/m






-1 1.597 mm-1 1.493 mm-1 1.431 mm-1 
F(000) 1632 804 386 820 
Crystal size 0.70 x 0.54 x 0.10 mm3 
0.60 x 0.26 x 0.10 
mm3 
0.80 x 0.22 x 0.16 
mm3 
0.27 x 0.21 x 0.17 
mm3 
Theta range for 
data collection 2.10 to 27.50°. 2.33 to 27.47°. 2.06 to 27.50°. 1.81 to 27.50°. 
Index ranges 
-25<=h<=20, -15<=h<=22, -9<=h<=13, -5<=h<=7, 
-6<=k<=6, -6<=k<=6, -6<=k<=6, -17<=k<=19, 
-31<=l<=37 -23<=l<=21 -19<=l<=19 -22<=l<=22 
Reflections 
collected 20092 5013 5128 11139 
Independent 
reflections 6845 [R(int) = 0.0268] 3104 [R(int) = 0.0207] 3161 [R(int) = 0.0331] 3591 [R(int) = 0.0300] 
Completeness to 











Max. and min. 




squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-




Data / restraints / 
parameters 6845 / 18 / 492 3104 / 5 / 234 3161 / 1 / 218 3591 / 4 / 235 
Goodness-of-fit on 
F2 1.100 1.069 1.093 1.082 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0421, wR2 = 
0.1046 
R1 = 0.0292, wR2 = 
0.0699 
R1 = 0.0400, wR2 = 
0.0982 
R1 = 0.0263, wR2 = 
0.0631 
R indices (all data) R1 = 0.0462, wR2 = 0.1066 
R1 = 0.0303, wR2 = 
0.0704 
R1 = 0.0452, wR2 = 
0.1060 
R1 = 0.0271, wR2 = 
0.0634 
Absolute structure 
parameter - 0.022(12) 0.057(19) 0.030(10) 
Largest diff. peak 
and hole 1.444 and -0.400 e.Å
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Figure A3-1. Superimposed images of 3-1 (pink) and 3-3 (red). 
 
 
Figure A3-2. Superimposed images of 3-3 (red) and 3-4a (blue). 
 
 





Figure A3-4. UV spectrum of 3-1 in MeOH. 
 
 
Figure A3-5. UV spectrum of 3-2 in MeOH. 
 
 





Figure A3-7. ESI-MS spectrum of 3-2. 
 
 
Figure A3-8. ESI-MS spectrum of 3-3. 
 
 





Figure A3-10. TGA profile of 3-2. 
 
 





































Self-Assembly of a 15-Nickel Metallamacrocyclic Complex Derived from L-













 Of all the supramolecular systems constructed, one of the most widely 
investigated compounds has to be macrocycles, such as the nanoscopic metall- 
amacrocycles.1,2 This kind of self-assembled frameworks can be readily 
synthesized through coordinate bonding between the metal starting materials 
and suitable organic ligands, and are proven to possess vast advantages over 
macrocycles based on covalent bonds, such as remarkable stability due to 
conformational rigidity, more sensitive and responsive to photo- and 
electrochemical stimuli, requiring lesser time and steps to synthesize, and 
higher yields.3-5 Some examples include: the {M8L12} molecular ring 
synthesized by Ward and co-workers which underwent self-assembly with the 
encapsulated anion during crystallization; the mixed-metal molecular 
hexagons that were constructed by tuning the stereochemistry of the metal 
subunits; and the heterometallic regular octagon that could be functionalized 
for polymerisation to form different 1D polymers, chains and rotaxanes.6-9 
Due to usage of weaker and kinetically labile metal-coordination bonds 
which can impart different degrees of complementarity and flexibility, 
metallamacrocycles of various shapes and sizes can be rationally designed and 
explored for their molecular recognition properties.10-12 For instance, Arif and 
co-workers successfully crystallized and characterized a series of robust air- 
and water-stable Pt(II)- and Pd(II)-based macrocyclic squares, and they found 
out that such metallamacrocycles displayed host-guest interactions and 
inclusion phenomena through concentration-dependent 1H chemical shifts of 
1,5-dihydroxynaphthalene.13 A family of platinum-acetylide metallamacroc- 
ycles were also synthesized by Yang and co-workers through step-wise 
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fragment coupling methodology, and they reported heavy influence of 
molecular shapes on complexes’ morphologies through SEM.14 The 
metallamacrocycle was observed to self-assemble into well-organized 
aggregates due to face-to-face stacking of rhomboidal rings, but intertwining 
of oligomers formed unordered aggregates instead.            
Most polygonal structures of this class of complexes are normally of 
small size, such as the trimeric Co(II), Ni(II), Cu(II) and Zn(II) metalla- 
macrocycles derived from bis-β-diketone ligands, and the rhenium-bipyridine 
rectangles studied by Stern and co-workers.15-17 However, examples of 
metallamacroocycles larger than triangles and squares, such as molecular 
pentagons, heptagons and octagons, are significantly lesser.6,7,18 In this chapter, 
we describe the synthesis, crystal structure and physicochemical studies of a 
novel 15-nickel metallamacrcyclic complex derived from L-glutamic acid 
Schiff base ligand. 
4-2. Results and Discussion 
4-2-1. Synthesis 
 Due to poor stability of the amino acid Schiff base ligand which turned 
sticky over time, [Ni15(EVan)10(H2O)20] [EVan = Schiff base formed between 
L-glutamic acid and o-vanillin, Figure 4-1], 4-1, could only be synthesized 
through one pot in situ reaction and was crystallized in moderate yield by slow 
evaporation. The complex was also observed to have poor solubility in 
common solvents except DMF and DMSO.    




Figure 4-1. Schematic representation of EVan. 
 
4-2-2. Description of crystal structure 
Tridentate coordination of EVan, together with bridging carboxylate 
groups, resulted in the self-assembly of a 15-nickel metallamacrocyclic com- 
plex, 4-1 which crystallized in a monoclinic system with space group P21. 
Selected bond lengths and bond angles of 4-1 are listed in Table 4-1. EVan 
coordinates in a similar fashion as analogous amino acid Schiff base ligands, 
forming five- and six-membered chelate rings with dihedral angles in the 
range 0.71 to 7.96º. C=N, as well as Ni-Nimine bond distances, are also found in 
the range 1.1969(9) to 1.461(12) and 1.948(7) to 2.012(5) Å, together with Ni-
O bond distances involving the phenolate or carboxylate oxygen atoms in the 
range 1.993(4) to 2.044(4) and 2.001(4) to 2.086(6) Å respectively. The rest of 
the coord- nation sites are then occupied by methoxy oxygen atoms and 
coordinated water molecules in the range 2.069(4) to 2.134(4) and 2.072(3) to 
2.125(4) Å, with all reported values in close accordance with related Ni(ii) 
complexes.19-21 
Complex 4-1 can be divided into five discrete trinuclear units (Figure 
4-2) due to presence of a pseudo five-fold rotational axis penetrating through 
the center of the metallamacrocycle. Besides adopting a Ni-O-Ni-O-Ni 
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configuration, all nickel(II) centers adopt slightly disordered octahedral 
geometries and interconnect with one another through the methoxy, phenolate 
and carboxylate oxygen atoms.  
 
Figure 4-2. Ball and stick model of one discrete trinuclear unit, showing the 
labelling of non-carbon atoms. C-H hydrogen atoms are omitted for clarity. 
 
Table 4-1. Selected bond lengths [Å] and bond angles [°] for 4-1. 
Ni1-O3  2.035(3)  Ni4-O13  2.007(4) 
Ni1-N1  2.012(5)  Ni4-N3  1.994(5) 
Ni1-O1  2.043(3)  Ni4-O15  2.015(4) 
Ni1-O17  2.035(4)  Ni4-O29  2.048(4) 
Ni1-O1W  2.095(3)  Ni4-O6W  2.123(5) 
Ni1-O2W  2.107(3)  Ni4-O5W  2.107(4) 
Ni2-O1  2.001(3)  Ni5-O11  2.005(4) 
Ni2-O59  2.009(4)  Ni5-O19  2.016(4) 
Ni2-O18  2.016(3)  Ni5-O30  2.014(4) 
Ni2-O7  2.018(3)  Ni5-O13  2.029(3) 
Ni2-O8  2.095(4)  Ni5-O14  2.094(4) 
Ni2-O2  2.089(3)  Ni5-O20  2.072(4) 
Ni3-N2  1.970(5)  Ni6-N4  2.012(4) 
Ni3-O7  2.036(3)  Ni6-O12  2.024(3) 
Ni3-O60  2.066(4)  Ni6-O19  2.039(4) 
Ni3-O9  2.073(3)  Ni6-O21  2.047(4) 
Ni3-O3W  2.098(3)  Ni6-O7W  2.094(3) 
Ni3-O4W  2.102(3)  Ni6-O8W  2.106(4) 
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Ni7-N5  2.000(5)  Ni11-O54  2.013(4) 
Ni7-O25  2.030(3)  Ni11-O44  2.069(4) 
Ni7-O41  2.046(4)  Ni11-O38  2.134(4) 
Ni7-O27  2.048(3)  Ni12-N8  1.948(7) 
Ni7-O10W  2.098(3)  Ni12-O43  2.012(5) 
Ni7-O9W  2.085(3)  Ni12-O45  2.051(6) 
Ni8-O31  2.003(4)  Ni12-O16W  2.093(5) 
Ni8-O25  1.993(4)  Ni12-O15W  2.100(4) 
Ni8-O23  2.017(3)  Ni12-O36  2.086(6) 
Ni8-O42  2.007(3)  Ni13-O49  2.002(5) 
Ni8-O26  2.099(4)  Ni13-N9  2.001(6) 
Ni8-O32  2.099(3)  Ni13-O6  2.032(4) 
Ni9-N6  1.980(5)  Ni13-O51  2.042(5) 
Ni9-O24  2.027(4)  Ni13-O17W  2.101(4) 
Ni9-O31  2.030(3)  Ni13-O18W  2.102(4) 
Ni9-O33  2.065(4)  Ni14-O49  2.012(4) 
Ni9-O11W  2.072(3)  Ni14-O5  2.004(4) 
Ni9-O12W  2.100(3)  Ni14-O47  2.020(4) 
Ni10-N7  2.001(5)  Ni14-O55  2.044(4) 
Ni10-O37  1.995(4)  Ni14-O50  2.103(5) 
Ni10-O53  2.059(4)  Ni14-O56  2.113(4) 
Ni10-O39  2.036(4)  Ni15-N10  2.012(5) 
Ni10-O14W  2.090(4)  Ni15-O55  2.020(4) 
Ni10-O13W  2.125(4)  Ni15-O57  2.045(4) 
Ni11-O35  2.001(4)  Ni15-O48 2.066(5) 
Ni11-O43  2.010(4)  Ni15-O19W  2.114(4) 
Ni11-O37  2.022(4)  Ni15-O20W  2.103(5) 
     
O3-Ni1-N1 81.56(16)  O3-Ni1-O1W 93.55(14) 
O3-Ni1-O1 172.90(16)  N1-Ni1-O1W 94.44(15) 
N1-Ni1-O1 91.47(15)  O1-Ni1-O1W 85.62(12) 
O3-Ni1-O17 88.89(14)  O17-Ni1-O1W 90.82(14) 
N1-Ni1-O17 169.35(14)  O3-Ni1-O2W 90.53(14) 
O1-Ni1-O17 98.17(14)  N1-Ni1-O2W 89.37(16) 
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O1-Ni1-O2W 90.73(13)  O13-Ni4-O15 173.08(15) 
O17-Ni1-O2W 86.00(15)  N3-Ni4-O15 80.6(2) 
O1W-Ni1-O2W 174.78(14)  O13-Ni4-O29 99.32(15) 
O1-Ni2-O59 86.91(14)  N3-Ni4-O29 167.9(2) 
O1-Ni2-O18 99.77(13)  O15-Ni4-O29 87.60(16) 
O59-Ni2-O18 90.74(14)  O13-Ni4-O6W 88.69(18) 
O1-Ni2-O7 170.43(14)  N3-Ni4-O6W 89.08(19) 
O59-Ni2-O7 100.54(14)  O15-Ni4-O6W 91.56(19) 
O18-Ni2-O7 86.24(13)  O29-Ni4-O6W 88.39(18) 
O1-Ni2-O8 94.65(14)  O13-Ni4-O5W 86.04(15) 
O59-Ni2-O8 178.33(14)  N3-Ni4-O5W 92.73(17) 
O18-Ni2-O8 89.60(15)  O15-Ni4-O5W 93.86(16) 
O7-Ni2-O8 77.84(15)  O29-Ni4-O5W 90.89(15) 
O1-Ni2-O2 77.93(13)  O6W-Ni4-O5W 174.50(17) 
O59-Ni2-O2 90.46(15)  O19-Ni5-O30 85.30(14) 
O18-Ni2-O2 177.34(13)  O11-Ni5-O13 85.45(14) 
O7-Ni2-O2 95.87(13)  O19-Ni5-O13 171.37(16) 
O8-Ni2-O2 89.27(15)  O30-Ni5-O13 100.21(15) 
N2-Ni3-O7 91.51(16)  O11-Ni5-O14 91.24(17) 
N2-Ni3-O60 168.79(15)  O19-Ni5-O14 96.22(16) 
O7-Ni3-O60 99.29(14)  O30-Ni5-O14 176.57(18) 
N2-Ni3-O9 81.42(17)  O13-Ni5-O14 77.92(16) 
O7-Ni3-O9 172.90(16)  O11-Ni5-O20 176.51(18) 
O60-Ni3-O9 87.81(15)  O19-Ni5-O20 77.14(18) 
N2-Ni3-O3W 92.04(15)  O30-Ni5-O20 91.41(18) 
O7-Ni3-O3W 85.05(13)  O13-Ni5-O20 95.98(17) 
O60-Ni3-O3W 91.89(15)  O14-Ni5-O20 86.0(2) 
O9-Ni3-O3W 94.46(13)  O11-Ni5-O19 101.13(15) 
N2-Ni3-O4W 90.77(15)  O11-Ni5-O30 91.47(14) 
O7-Ni3-O4W 91.70(13)  N4-Ni6-O19 92.0(2) 
O60-Ni3-O4W 85.93(15)  O12-Ni6-O19 97.99(15) 
O9-Ni3-O4W 89.09(13)  N4-Ni6-O21 80.4(2) 
O3W-Ni3-O4W 175.77(13)  O12-Ni6-O21 89.70(15) 
O13-Ni4-N3 92.5(2)  O19-Ni6-O21 172.30(15) 
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N4-Ni6-O7W 92.25(16)  O42-Ni8-O26 178.13(15) 
O12-Ni6-O7W 91.88(13)  O31-Ni8-O32 78.65(15) 
O19-Ni6-O7W 85.72(15)  O25-Ni8-O32 94.62(15) 
O21-Ni6-O7W 93.67(15)  O23-Ni8-O32 177.53(14) 
N4-Ni6-O8W 88.54(18)  O42-Ni8-O32 91.11(14) 
O12-Ni6-O8W 88.03(16)  O26-Ni8-O32 87.42(16) 
O19-Ni6-O8W 90.16(18)  N6-Ni9-O24 168.51(15) 
O21-Ni6-O8W 90.49(18)  N6-Ni9-O31 91.71(16) 
O7W-Ni6-O8W 175.84(18)  O24-Ni9-O31 98.94(15) 
N4-Ni6-O12 169.49(19)  N6-Ni9-O33 80.14(17) 
N5-Ni7-O10W 89.47(16)  O24-Ni9-O33 89.28(16) 
O25-Ni7-O10W 91.39(13)  O31-Ni9-O33 171.76(17) 
O41-Ni7-O10W 86.86(16)  N6-Ni9-O11W 94.17(16) 
O27-Ni7-O10W 90.50(13)  O24-Ni9-O11W 91.01(15) 
N5-Ni7-O9W 92.69(16)  O31-Ni9-O11W 85.36(13) 
O25-Ni7-O9W 85.33(13)  O33-Ni9-O11W 94.01(15) 
O41-Ni7-O9W 91.61(15)  N6-Ni9-O12W 90.03(16) 
O27-Ni7-O9W 93.00(13)  O24-Ni9-O12W 85.52(15) 
O10W-Ni7-O9W 176.13(14)  O31-Ni9-O12W 90.82(14) 
N5-Ni7-O25 92.25(16)  O33-Ni9-O12W 90.36(14) 
N5-Ni7-O41 168.65(15)  O11W-Ni9-O12W 174.39(16) 
O25-Ni7-O41 98.57(15)  O39-Ni10-O14W 90.30(18) 
N5-Ni7-O27 80.96(17)  N7-Ni10-O13W 91.02(16) 
O25-Ni7-O27 172.94(17)  O37-Ni10-O13W 85.75(16) 
O41-Ni7-O27 88.33(16)  O53-Ni10-O13W 90.35(16) 
O31-Ni8-O25 170.33(14)  O39-Ni10-O13W 93.33(16) 
O31-Ni8-O23 99.49(14)  O14W-Ni10-O13W 175.37(17) 
O25-Ni8-O23 87.03(14)  N7-Ni10-O37 92.24(18) 
O31-Ni8-O42 87.47(15)  N7-Ni10-O53 169.31(19) 
O25-Ni8-O42 99.69(14)  O37-Ni10-O53 98.43(17) 
O23-Ni8-O42 90.43(14)  N7-Ni10-O39 80.74(18) 
O31-Ni8-O26 93.36(16)  O37-Ni10-O39 172.92(16) 
O25-Ni8-O26 79.29(15)  O53-Ni10-O39 88.59(17) 
O23-Ni8-O26 91.08(15)  N7-Ni10-O14W 92.40(18) 
                                                                                                              Chapter 4 
123 
 
O37-Ni10-O14W 91.00(17)  N9-Ni13-O6 169.7(2) 
O53-Ni10-O14W 86.86(19)  O49-Ni13-O51 172.17(19) 
O35-Ni11-O43 101.15(17)  N9-Ni13-O51 80.4(2) 
O35-Ni11-O37 85.38(16)  O6-Ni13-O51 89.97(19) 
O43-Ni11-O37 171.67(17)  O49-Ni13-O17W 86.44(16) 
O35-Ni11-O54 90.55(16)  N9-Ni13-O17W 91.66(18) 
O43-Ni11-O54 84.86(16)  O6-Ni13-O17W 92.23(15) 
O37-Ni11-O54 100.37(15)  O51-Ni13-O17W 92.42(17) 
O35-Ni11-O44 177.63(18)  O49-Ni13-O18W 90.02(19) 
O43-Ni11-O44 77.72(18)  N9-Ni13-O18W 88.16(19) 
O37-Ni11-O44 95.56(17)  O6-Ni13-O18W 88.54(17) 
O54-Ni11-O44 91.41(17)  O51-Ni13-O18W 91.04(19) 
O35-Ni11-O38 91.24(16)  O17W-Ni13-O18W 176.5(2) 
O43-Ni11-O38 96.82(17)  O49-Ni14-O5 98.94(17) 
O37-Ni11-O38 77.72(16)  O49-Ni14-O47 86.91(16) 
O54-Ni11-O38 177.26(16)  O5-Ni14-O47 90.30(17) 
O44-Ni11-O38 86.85(17)  O49-Ni14-O55 170.17(16) 
O16W-Ni12-O36 86.8(2)  O5-Ni14-O55 87.20(16) 
O15W-Ni12-O36 91.78(18)  O47-Ni14-O55 100.81(16) 
N8-Ni12-O43 94.9(3)  O49-Ni14-O50 78.89(19) 
N8-Ni12-O45 80.3(3)  O5-Ni14-O50 175.78(18) 
O43-Ni12-O45 174.9(2)  O47-Ni14-O50 93.18(19) 
N8-Ni12-O16W 90.1(3)  O55-Ni14-O50 94.49(18) 
O43-Ni12-O16W 92.4(2)  O49-Ni14-O56 93.93(16) 
O45-Ni12-O16W 89.2(2)  O5-Ni14-O56 89.54(16) 
N8-Ni12-O15W 91.3(2)  O47-Ni14-O56 179.17(18) 
O43-Ni12-O15W 87.69(16)  O55-Ni14-O56 78.37(16) 
O45-Ni12-O15W 90.8(2)  O50-Ni14-O56 87.01(18) 
O16W-Ni12-O15W 178.6(2)  N10-Ni15-O55 91.05(18) 
N8-Ni12-O36 169.3(3)  N10-Ni15-O57 82.02(19) 
O43-Ni12-O36 95.50(18)  O55-Ni15-O57 173.06(17) 
O45-Ni12-O36 89.4(3)  N10-Ni15-O48 170.16(18) 
O49-Ni13-N9 91.9(2)  O55-Ni15-O48 98.59(17) 
O49-Ni13-O6 97.81(17)  O57-Ni15-O48 88.35(17) 
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N10-Ni15-O19W 91.53(17)  O55-Ni15-O20W 90.43(19) 
O55-Ni15-O19W 86.82(16)  O57-Ni15-O20W 90.0(2) 
O57-Ni15-O19W 93.09(18)  O48-Ni15-O20W 86.8(2) 
O48-Ni15-O19W 90.96(19)  O19W-Ni15-O20W 176.14(17) 
N10-Ni15-O20W 91.2(2)    
 
It is known that the carboxylate group can bridge metal ions to form a 
wide variety of polynuclear complexes such as 1D helical chain, 2D and 3D 
systems, with the most important bridging conformations being triatomic syn-
syn, syn-anti, anti-anti and monoatomic.12,22-24 In our case, the α-carboxylate 
group coordinates to the metal center in terminal mode, while the γ-
carboxylate group of the same ligand bridges to two Ni(II) centers in triatomic 
syn-syn fashion, bringing the Ni∙∙∙Ni separation distances to 3.434 - 3.467 Å, 
which are unfortunately too long to indicate direct and substantial metal-metal 
bonding.25-27 Nevertheless, interconnection of Ni(II) centers in a cyclic manner 
generates 4-1, which displays a channel structure with dimensions 12.9 x 12.4 
Å (Figure 4-3). The void space also accounts for 53.3 % of the crystal volume.  
 
Figure 4-3. Ball and stick model of 4-1, (a) without and (b) with yellow 
sphere, which represents the largest sphere that can fit inside the cavity.   
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 The thermogravimetry (TG) of 4-1 shows 22.8 % weight loss in the 
temperature region 25-183 C due to the loss of both lattice water and 20 aqua 
ligands. This corresponds to the presence of about 44-45 lattice water mole- 
cules. However, only 13 oxygen atoms disordered over 24 sites could be locat- 
ed in 4-1∙44H2O. Hence interactions of 4-1 with guest waters could not be 
investigated. Emphasis will then be made on analysing the metallamacrocyclic 
framework and supramolecular architecture.  
Besides aforementioned interconnection of discrete trinuclear units by 
carboxylate groups, complex 4-1 is observed to be stabilized by intramolecular 
hydrogen bonding interactions between the coordinated water molecules and 
carboxylate oxygen atoms at ca. 2.8 Å (Donor∙∙∙Acceptor). Interestingly, the 
metallamacrocycle also bears a striking similarity to the circular aromatic 
pentamer obtained by Zeng and co-workers, which contains a C5 rotational 
axis through the center of the molecule and possesses a geometric shape that 
resembles a planar pentagon.28 As depicted in Figure 4-4, the metallamac- 
rocycles are arranged in a zigzag fashion along the same plane and interact 
with one another through offset π-π interactions [CgCg = 4.037, perpen- 
dicular distance 3.349 and slippage 2.254 Å; and CgCg = 4.882, perpen- 
dicular distance 3.039 and slippage 3.821 Å].29-31  
 
Figure 4-4. Metallamacrocycles arranged in zigzag fashion.  
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Each layer subsequently engages in hydrogen bonding interactions 
with the top and bottom layers in a staggered manner through the coordinated 
water molecules and carboxylate oxygen atoms at ca. 2.8 Å (Figure 4-5) to 
generate a 3D layered structure.    
 
Figure 4-5. Hydrogen bonding interactions between layers. 
 
 The supramolecular framework of the metallamacrocycle resembles 
ZSM-5, but instead of corrugated sheets producing straight channels parallel 
to the corrugations and sinusoidal channels perpendicular to the sheets as 
observed in the latter, the 2D sheets of 4-1 are staggered with respect to one 
another, resulting in decrease in channel size.32 
 PyMol is used to generate a hydrophobic surface representation of 4-1 
(Figure 4-6). It can be observed that the outer rim of the complex, which 
consists mainly of aromatic rings facing outwards from the inner core, is 
hydrophobic in nature while the top, bottom and inner lining of the 
metallamacrocycle are made up of carboxylate functional groups and 
coordinated water molecules, resulting in the formation of large hydrophilic 
regions. This explains the close approach of metallamacrocycles on the same 
plane and possibility of structural transformation through 2D sheets sliding, 
resulting in enlargement of channel size.33  




Figure 4-6. Hydrophobic surface representation of 4-1, with hydrophobic and 
hydrophilic regions depicted in white and red respectively. 
 
 A search through the Cambridge Crystallographic Data Centre (CCDC) 
of structures containing amino acid Schiff base backbone reveals 350+ hits, in 
which less than 10 hits are complexes containing more than two metal 
centers.34 Therefore, we can confirm that 4-1 is the first example of a 15-metal 
complex derived from an amino acid Schiff base ligand that self-assembles 
into a metallamacrocycle. 
4-3. Physicochemical Studies 
4-3-1. Infrared Spectrum 
Presence of large number of coordinated water molecules explains the 
existence of broad ν(OH) band in the range 3200 to 3600 cm-1.35,36 By finding 
out the difference in wavenumbers (Δν) between νas(COO-) and νs(COO-), the 
binding mode of carboxylate groups in 4-1 can be determined, with Δν < 200 
cm-1 for bridging carboxylate and Δν > 200 cm-1 for monodentate carboxyl- 
ate.37,38 Indeed, triatomic syn-syn mode is observed with Δν = 178 cm-1. 
Besides ν(C=N) located at ca. 1649 cm-1, a sharp band attributed to ν(CO) 
phenolic can also be observed at ca. 1216 cm-1. 
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4-3-2. Electronic Spectrum 
 Electronic spectrum of 4-1 was recorded in MeOH, and the complex is 
observed to display a strong CT band at ca. 364 nm (ε = 39100 M-1cm-1). 
However, the d-d transition band is absent even in concentrated solution, 
possibly due to masking by the aforementioned CT band (Figure 4-7).39,40  
 
Figure 4-7. UV spectrum of 4-1 in MeOH. 
 
4-3-3. ESI-MS Spectrum 
 ESI-MS spectrum of 4-1 had been recorded in MeOH, and a clean 
dominant peak assigned as formation of [Ni(EVan) – H+]- at  336 m/z is obser- 
ved, which signifies fragmentation of the metallamacrocycle (Figure 4-8).  
 
Figure 4-8. ESI-MS spectrum of 4-1. 
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4-3-4. Magnetic Susceptibility Result 
 Room temperature magnetic moment, per Ni, is observed at ca. 0.77 
µB which implies presence of antiferromagnetic coupling. 
4-3-5. TGA Result 
The highly porous nature of 4-1 showed loss of 64 coordinated and 
lattice water molecules from 31 to 184 oC (weight loss (%), calcd: 23.9; found: 
22.8), followed by decomposition above 250 oC (Figure 4-9).     
 
Figure 4-9. TGA profile of 4-1. 
 
4-4. Summary 
 A simple one pot in situ reaction involving the metal salt, L-glutamic 
acid and o-vanillin leads to self-assembly of an intriguing 15-nickel metalla- 
macrocycle, which contains discrete trinuclear units adopting Ni-O-Ni-O-Ni 
config- guration. The α-carboxylate group is observed to coordinate in 
terminal mode, while the γ-carboxylate group of the same ligand bridges to 
two Ni(II) centers in triatomic syn-syn fashion. Weak hydrophobic interactions 
between aromatic rings of 4-1 result in formation of 2D sheets that stack on 
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top of one another in a staggered manner to construct a 3D layered structure 
stabilized by hydrogen bonding interactions. Recently, Chupas and co-workers 
reported the pressure-induced amorphization and porosity modification in a 
metal-organic frame- work, ZIF-8, which demonstrated changes in nitrogen 
sorption behaviour for pressure-treated samples.41 It will hence be interesting 
to investigate whether application of pressure will induce shifting of the 2D 
sheets and enlarge the channel size for possible applications in gas storage, 
catalysis, sensing etc.42    
4-5. Experimental  
4-5-1. Preparation of [Ni15(EVan)10(H2O)20]·44H2O, 4-1·44H2O 
 L-glutamic acid (0.0736 g, 0.5 mmol) was first dissolved in an aqueous 
solution of sodium hydroxide (0.0400 g, 1.0 mmol), followed by addition of o-
vanillin (0.0761 g, 0.5 mmol) dissolved in methanol (3 mL). After stirring for 
half an hour, Ni(NO3)2·6H2O (0.1454 g, 0.5 mmol) dissolved in methanol (2 
mL) was added to this yellow solution and the light green solution was stirred 
overnight at room temperature. Slow evaporation of this solution afforded 
green block crystals after five days. Yield: 1.52 g (63%). Elemental analysis 
for C130H248N10O124Ni15 (%), Calcd: C, 32.42; H, 5.19; N, 2.91; found: C, 
32.03; H, 4.86; N, 3.41. IR (KBr, cm-1): 3399 ν(OH), 1649 ν(C=N), 1565 
νas(COO-), 1387 νs(COO-), 1216 ν(CO) phenolic. 
4-5-2. X-ray crystallography 
 Crystal data and structure refinement for 4-1 is given in Table 4-2. The 
program SQUEEZE was used to complete the structural refinement.43 
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Table 4-2. Crystal data and structure refinement for 4-1 (CCDC 982804). 
  4-1 
Empirical formula C130H160N10O80Ni15 
Formula weight 4023.33 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P21 
Unit cell dimensions a = 23.3418(15) Å 
  b = 26.5625(16) Å 
  c = 24.9717(17) Å 
  α = 90°. 
  β = 112.984(2)°. 
  γ = 90°. 
Volume 14253.7(16) Å3 
Z 2 
Density (calculated) 0.937 Mg/m3 
Absorption coefficient 1.023 mm-1 
F(000) 4140 
Crystal size 0.60 x 0.24 x 0.20 mm3 





Reflections collected 85608 
Independent reflections 49680 [R(int) = 0.0422] 
Completeness to theta 100% 
Absorption correction Semi-empirical from equivalents 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 49680 / 2261 / 2236 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0550, wR2 = 0.1257 
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R indices (all data) R1 = 0.0758, wR2 = 0.1323 
Absolute structure parameter 0.144(7) 
Largest diff. peak and hole 0.544 and -0.381 e.Å-3 
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Synthesis and Characterization of Copper(II) Complexes of Schiff Base and 
Reduced Schiff Base Ligands: Influence of Solvents on the Catecholase 












 In this chapter, we describe the synthesis, crystal structures, 
physicochemical studies and catecholase activities of a series of copper(II) 
complexes of Schiff base and reduced Schiff base ligands on oxidation of 3,5-
DTBC. Even though many works have been conducted to analyse the impact 
of different factors such as Cu∙∙∙Cu bond distance and ligand architecture, few 
have investigated solvent effects on catecholase activities of model 
compounds and explain how nucleophilicities of solvents can modify 
electronic properties and influence kcat values.1-3  
Das and co-workers recently studied catecholase activities of four new 
dicopper(II) complexes derived from phenol-based compartmental ligands in 
different solvents, and they reported enhanced activities in protic solvents as 
compared to aprotic ones, with physical parameters such as dielectric constant 
and polarity not playing major roles.3  
Our group had also previously synthesized dinuclear copper(II) 
complexes of Schiff base and reduced Schiff base ligands derived from N-(2-
hydroxybenzyl)-aminomethane/ethanesulfonic acids, and we observed higher 
activity for one of the complexes in a mixed solvent system of MeOH:H2O 
(95:5, v/v) as compared to a pure methanolic one.4 The abovementioned 
results therefore show possibility of probing further into the roles solvents 
adopt in influencing oxidation of 3,5-DTBC.  
Initially, we wanted to investigate the catecholase activities of our 
complexes containing different degrees of ligand flexibility and steric 




complexes of Schiff base ligands displayed no catalytic activity and 
inconsistent kinetic results were reported for one of the reduced analogues. 
Due to inadequate comparisons available, we decide to investigate solvent 
effects on catecholase activities of the remaining two complexes which are 
catalytically active.  
5-2. Results and Discussion 
5-2-1. Synthesis 
The sodium salts of the Schiff base ligands, sodium N-(2-hydroxy-1-
naphthalidene)-1-aminocyclopentanecarboxylate hydrate, [Na(H2NScp)]·H2O 
and sodium N-(2-hydroxy-1-naphthalidene)-1-aminocyclohexanecarboxylate 
0.8 hydrate, [Na(H2NSch)]·0.8H2O, were synthesized in a similar fashion as 
according to the work by McAuliffe and co-workers.5 However, in our case, 
the orange-yellow solutions were reduced to small volumes before adding 
excess acetone to precipitate out the products.  
For the reduced Schiff base ligands, N-(2-hydroxy-1-naphthyl)-1-
aminocyclopentanecarboxylic acid (H2NScpR) was reported and synthesized 
by Ryu and co-workers, while N-(2-hydroxy-1-naphthyl)-L-glycine, H2NglyR, 
was described in numerous papers.6,7 The synthesis of N-(2-hydroxy-1-
naphthyl)-1-aminocyclohexanecarboxylic acid (H2NSchR) followed standard 
procedures, which involved generating the intermediate Schiff base, reducing 
the imine bond with slight excess of NaBH4, and tuning of pH to 4-6 with 




All ligands were obtained in moderate yields and insoluble in non-
polar solvents. The Schiff bases were observed to be soluble in polar solvents, 
but for the reduced analogues, they could only dissolve in the presence of 
bases. Comparison of the Schiff base or reduced Schiff base ligands reveal 
that they contain naphthyl group as a common structural moiety but differ in 
the substituents on the α-carbon of the carboxylate group; For instance, H in 
H2NglyR, cyclopentane in H2NScpR, and cyclohexane in H2NSchR.      
All the copper(II) complexes were obtained by complexation of 
copper(II) nitrate trihydrate or copper(II) acetate monohydrate with the 
corresponding Schiff base or reduced Schiff base ligands. Reaction of 
[Na(H2NScp)]·H2O with the metal salt afforded green precipitate, which 
crystallized as [Cu(H2NScp)(MeOH)] (5-1a), when water was allowed to 
diffuse slowly into a saturated DMSO solution of the precipitate separated by 
a buffer layer of MeOH. Interestingly, when the same crystal growing 
technique was applied on a saturated DMF solution of the same precipitate 
without any buffer layer, [Cu(H2NScp)(H2O)2]∙H2O (5-1b), was obtained as a 
major product, and [Cu4(H2NScp)4] (5-1) as a minor product. To our surprise, 
the simulated powder XRD pattern of complex 5-1 matched perfectly well 
with the observed powder XRD pattern of the green precipitate, implying that 
the bulk was actually 5-1. Complex [Cu(H2NSch)] (5-2) was also acquired 
through slow diffusion of hexane (Scheme 5-1). Complexes 5-1 and 5-2 were 
obtained in moderate yields and had poor solubility in common solvents 
except DMSO and DMF.  
 For the copper(II) complexes of reduced Schiff base ligands, attempts 




were unsuccessful, however, we are able to confirm the dinuclear structures 
with bridging phenolate oxygen atoms through physicochemical studies and 
catecholase biomimetic analysis (Figure 5-1). Fortunately, recrystallization of 
[Cu2(H2NglyR)2]∙1.2H2O (5-5) afforded single crystals of [Cu6(H2NglyR)6] 
∙0.2DCM∙0.2H2O∙0.6MeOH (5-5a). Complexes 5-3, 5-4 and 5-5 were obta- 
ined in moderate yields and had similar solubilty properties as the Schiff base 
analogues.  
 
R = cyclopentane (5-3), cyclohexane (5-4), H (5-5) 
 
Figure 5-1. Schematic representation of copper(II) complexes of reduced 
Schiff base ligands. 
 











5-2-2. Description of crystal structures 
 With the exception of 5-1, 5-2, and 5-5a, in which the metal centers 
adopt square planar geometries, 5-1a and 5-1b are observed to possess dist- 
orted square pyramidal geometries, with angular structural parameters, τ, of 
0.114 and 0.078 respectively.8-11 The Schiff base ligands also display trident- 
ate coordination modes, forming five- and six-membered chelate rings through 
the phenolate oxygen, imine nitrogen and carboxylate oxygen atoms. Dihedral 
angles between the two mean ring planes and displacement of the metal 
centers out of the mean planes defined by the donor atoms are found to fall in 
the range 3.55 to 20.10o and 0.016 to 0.266 Å respectively. Cu-O bond 
distances involving the metal centers and phenolate or carboxylate oxygen 
atoms are observed to fall in the range 1.875(4) to 2.019(8) Å and 1.9375(19) 
to 1.968(4) Å respectively, while the Cu-N bond distances for all complexes 
are found in the range 1.907(4) to 1.998(11) Å, agreeing well with values 
reported in related literature.4,12 Closer analysis of copper(II) coordination 
environments reveal that only 5-1b displayed terminal coordination mode for 
the carboxylate group, while 5-1, 5-1a, 5-2 and 5-5a exhibited syn-anti 
triatomic modes.13,14 Except for complex 5-1b, which exists as a mononuclear 
complex, 1D coordination polymers through bridging carboxylate groups are 
observed for 5-1a and 5-2, with Cu∙∙∙Cu distances of 4.790 and 4.808 Å 
respectively. To our surprise, formation of dinuclear Cu2O2 cores result in 
shorter Cu∙∙∙Cu distances of 3.231, 3.291 and 3.279 Å for Cu1, Cu2 and Cu4 
of 5-1 respectively. Lastly, C=N bond lengths in the range 1.281(6) to 1.295(3) 
Å are noted for complexes 5-1, 5-1a, 5-1b, and 5-2, which are in good 




5-2-2-1. [Cu4(H2NScp)4], 5-1 
 Complex 5-1 crystallized in a triclinic system with space group Pī, in 
which the inversion center is located in the midpoint of each dinuclear Cu2O2 
core. Selected bond lengths and bond angles are listed in Table 5-1. The 
asymmetric unit consists of a [Cu4(H2NScp)4] sub-unit, with all copper(II) 
centers bridged by carboxylate groups in syn-anti fashion to construct this 
tetranuclear metallocyclic complex (Figure 5-2).    
 
Figure 5-2. Ball and stick model of 5-1, showing the labelling of non-carbon 
atoms. C-H hydrogen atoms are omitted for clarity.  
 
Table 5-2. Selected bond lengths [Å] and bond angles [°] for 5-1. 
Cu1–N1 1.909(4)  Cu3-N3 1.911(4) 
Cu1–O1 1.921(3)  Cu3-O7 1.875(4) 
Cu1–O11 1.948(3)  Cu3-O6 1.931(4) 
Cu1–O2 1.968(4)  Cu3-O8 1.944(4) 
Cu1–O1a 2.421(3)  Cu4-N4 1.912(4) 
Cu2-N2 1.907(4)  Cu4-O10 1.895(4) 
Cu2-O4 1.913(3)  Cu4-O12 1.946(4) 
Cu2-O3 1.944(4)  Cu4-O9 1.969(4) 





N1–Cu1–O1 92.18(16)  O4–Cu2–O5 173.95(15) 
N1–Cu1–O11 166.62(16)  O3–Cu2–O5 89.02(16) 
O1–Cu1–O11 96.76(14)  O7–Cu3–N3 93.51(18) 
N1–Cu1–O2 82.75(16)  O7–Cu3–O6 93.35(17) 
O1–Cu1–O2 174.44(15)  N3–Cu3–O6 172.38(18) 
O11–Cu1–O2 88.62(14)  O7–Cu3–O8 177.59(15) 
N1–Cu1–O1a 99.82(15)  N3–Cu3–O8 84.21(17) 
O1–Cu1–O1a 84.52(13)  O6–Cu3–O8 88.88(16) 
O11–Cu1–O1a 90.94(14)  O10–Cu4–N4 93.04(16) 
O2–Cu1–O1a 94.06(13)  O10–Cu4–O12 176.14(15) 
N2–Cu2–O4 91.97(16)  N4–Cu4–O12 83.19(16) 
N2–Cu2–O3 170.43(16)  O10–Cu4–O9 94.35(15) 
O4–Cu2–O3 96.14(16)  N4–Cu4–O9 170.62(17) 
N2–Cu2–O5 83.18(17)  O12–Cu4–O9 89.48(15) 
Symmetry transformations used to generate equivalent atoms: a = -x+1,-y+1,-z+1 
 
 Analyzing each metal center, we can observe that the ONO donor set 
arising from the Schiff base ligand occupies three coordination sites in the 
basal plane, with the remaining site filled up by carboxylate oxygen atom from 
another ligand. Except for Cu3, the remaining copper(II) centers form 
dinuclear Cu2O2 cores, with Cu-O-Cu bond angles of 95.47, 90.50 and 93.87º 
for Cu1, Cu2 and Cu4 respectively. Two sub-units then connect to each other 
through a dinuclear Cu2O2 core involving Cu1 and O1, resulting in the 
formation of a larger repeating unit. A 2D sheet structure which propagates 
along the a- and b-axes, is thus created by utilizing other dinuclear Cu2O2 
cores to interact with neighboring repeating units (Figure 5-3). Each sheet 
stacks on top of one another through offset parallel π-π interactions between 
naphthalene rings of Cu1, with centroid-centroid distance 4.718, perpendicular 
distance 3.365 and slippage 3.307 Å, ultimately forming 3D arrays ‘glued’ by 





Figure 5-3. 2D sheet structure of 5-1, with circled portion representing the 




Figure 5-4. Offset parallel π-π interactions of 5-1. Each layer and centroid is 
colored in blue and red respectively, with π-π interactions depicted as red 
dotted lines. Cyclopentane and uninvolved naphthalene rings are omitted for 
clarity purpose.   
 
5-2-2-2. [Cu(H2NScp)(MeOH)], 5-1a 
 Complex 5-1a was obtained when 5-1 in DMSO was layered with 
water separated by a methanol buffer layer, crystallizing in an orthorhombic 
system with space group Pbca. Selected bond lengths and bond angles are 
listed in Table 5-2. Similarly to complex 5-1, three coordination sites in the 




occupied by carboxylate oxygen atom from another complex. A methanol 
molecule is semi-coordinated to the copper(II) center in the apical position at a 
distance of 2.284(4) Å, which is in the region (~2.6 Å) of weak Cu···O 
interactions (Figure 5-5).18,19    
 
Figure 5-5. Ball and stick model of 5-1a, showing the labelling of non-carbon 
atoms. C-H hydrogen atoms are omitted for clarity. 
 
Table 5-2. Selected bond lengths [Å] and bond angles [°] for 5-1a. 
Cu1–N1 1.936(5)  Cu1–O3a 1.991(4) 
Cu1–O1 1.910(4)  Cu1–O4 2.284(4) 
Cu1–O2 1.959(4)    
     
O1–Cu1–N1 93.39(18)  O2–Cu1–O3a 86.56(16) 
O1–Cu1–O2 172.42(17)  O1–Cu1–O4 96.49(16) 
N1–Cu1–O2 83.74(18)  N1–Cu1–O4 103.41(18) 
O1–Cu1–O3a 94.62(16)  O2–Cu1–O4 91.00(16) 
N1–Cu1–O3a 164.05(18)  O3a–Cu1–O4 89.36(16) 
Symmetry transformations used to generate equivalent atoms: a = -x,y-1/2,-z+3/2; b = 
-x,y+1/2,-z+3/2 
 
 Bridging of carboxylate groups to metal centers generates 1D right-
handed helical coordination polymers with a pitch of ~6.4 Å and propagating 




Table 5-3. Each polymer interacts with one another along the a-axis through a 
combination of hydrogen bonds [O4O1c = 2.901(6) Å; symmetry code c = -
x+1/2,y+1/2,z] and CH∙∙∙π interactions [C3Cg = 3.414, H3Cg = 2.711 Å, 
C3-H3Cg = 131.36o, Cg represents centroid], as well as offset parallel π-π 
interactions along the c-axis [CgCg = 4.065, perpendicular distance 3.420 
and slippage 2.197 Å] to form a 3D network (Figures 5-6, 5-7 and 5-8).20-24 
Table 5-3. Hydrogen bond parameters for 5-1a. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O4─H4OO1c 0.84(2) 2.07(2) 2.901(6) 174(6) 
Symmetry transformations used to generate equivalent atoms: a = -x,y-1/2,-z+3/2; b = 
-x,y+1/2,-z+3/2; c = -x+1/2,y+1/2,z 
 
 
Figure 5-6. Hydrogen bonding interactions (∙∙∙) between two 1D coordination 
polymers when viewed down c-axis. 
 
 
Figure 5-7. (a) CH∙∙∙π interaction between two units along a-axis. (b) π-π 





Figure 5-8. Packing diagram of 5-1a when viewed down b-axis.  
 
5-2-2-3. [Cu(H2NScp)(H2O)2]∙H2O, 5-1b 
 Unlike complexes 5-1 and 5-1a, 5-1b crystallized as a mononuclear 
complex in a monoclinic system with space group P21/c. Selected bond 
lengths and bond angles are listed in Table 5-4. Besides tridentate coordination 
of the ligand, the remaining site in the basal plane, as well as apical position, 
are occupied by two water molecules, together with a lattice water molecule 
also present in the unit cell (Figure 5-9). Hydrogen bond parameters are listed 
in Table 5-5.       
 
Figure 5-9. Ball and stick model of 5-1b, showing the labelling of non-carbon 





Table 5-4. Selected bond lengths [Å] and bond angles [°] for 5-1b. 
Cu1–N1 1.931(3)  Cu1–O1W 1.988(2) 
Cu1–O1 1.894(2)  Cu1–O2W 2.304(2) 
Cu1–O2 1.939(2)    
     
O1–Cu1–N1 94.42(10)  O2–Cu1–O1W 91.41(9) 
O1–Cu1–O2 177.50(10)  O1–Cu1–O2W 87.97(9) 
N1–Cu1–O2 84.51(10)  N1–Cu1–O2W 96.42(10) 
O1–Cu1–O1W 89.19(9)  O2–Cu1–O2W 94.39(9) 
N1–Cu1–O1W 167.71(10)  O1W–Cu1–O2W 95.45(9) 
 
 A 1D hydrogen-bonded polymer made up of non-covalent interactions 
is constructed by a combination of hydrogen bonds [O1WO3Wb = 2.764(3), 
O2WO3d = 2.903(3), O3WO2Wf = 2.967(3) and O3WO1f = 3.032(3) Å; 
symmetry codes b = x-1,y-1,z; d = x,y+1,z; f = x+1,y,z], CH∙∙∙π interactions 
[C17Cg = 3.541, H17BCg = 2.636 Å, C17-H17BCg = 151.77o] and 
offset parallel π-π interactions [CgCg = 5.953, perpendicular distance 2.846 
and slippage 5.229 Å] (Figure 5-10).     
Table 5-5. Hydrogen bond parameters for 5-1b. 
D─H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O1W─H1AO3Wa 0.849(10) 1.922(11) 2.771(3) 178(4) 
O1W─H1BO3Wb 0.848(10) 1.921(12) 2.764(3) 173(4) 
O2W─H2AO2c 0.850(10) 1.955(13) 2.793(3) 168(4) 
O2W─H2BO3d 0.846(10) 2.058(11) 2.903(3) 178(4) 
O2W─H2BO2d 0.846(10) 2.60(3) 3.154(3) 124(3) 
O3W─H3AO3e 0.841(10) 2.070(11) 2.909(3) 174(4) 
O3W─H3BO2Wf 0.840(10) 2.23(2) 2.967(3) 147(4) 
O3W─H3BO1f 0.840(10) 2.39(3) 3.032(3) 134(3) 
Symmetry transformations used to generate equivalent atoms: a = -x+1,y-1/2,-z+1/2; 





Figure 5-10. 1D hydrogen-bonded polymer of 5-1b, featuring a combination 
of hydrogen bonding (∙∙∙), CH∙∙∙π (∙∙∙) and π-π interactions (∙∙∙).    
 
 The hydrophilic region of each polymer interacts with one another to 
form an extensive hydrogen bonding network [O1WO3Wa = 2.771(3), 
O2WO2c = 2.793(3), O2WO2d = 3.154(3), O3WO3e = 2.909(3) Å, 
O3WO2Wf and O3WO1f; symmetry codes a = -x+1,y-1/2,-z+1/2; c = -x,-
y+1,-z+1; e = -x+1,-y+1,-z+1], resulting in the formation of a hydrophilic 
layer of thickness ~7 Å (Figures 5-11(a), 5-12). CH∙∙∙π interactions [C15Cg 
= 3.754, H15ACg = 2.943 Å, C15-H15ACg = 139.89o] between the 
hydrophobic regions also lead to the construction of a hydrophobic layer of 
thickness ~10 Å, ultimately creating a 3D layered structure with alternating 
hydrophilic and hydrophobic layers (Figures 5-11(b), 5-12).  
This framework is similar to the structures obtained by Xue and co-
workers, whom synthesized copper(II) and nickel(II) complexes of L-
tryptophan and L-tyrosine Schiff base derivatives.25 The hydrophilic regions 
were almost identical to 5-1b, but in their case, naphthalene and indole rings 
stabilized through aromatic stacking interactions made up the hydrophobic 





Figure 5-11. (a) Intermolecular hydrogen bonding interactions between four 
units. (b) CH∙∙∙π interaction between two units.  
 
 
Figure 5-12. Packing diagram depicting hydrophobic and hydrophilic layers.  
  
5-2-2-4. [Cu(H2NSch)], 5-2 
 Changing the substituent on the α-carbon of the carboxylate group 
from cyclopentane to cyclohexane afforded 5-2, which crystallized in a 
monoclinic system with space group P21/c. Selected bond lengths and bond 
angles are listed in Table 5-6. The coordination environment of this complex 
is very similar to that of 5-1a, except that copper(II) adopts a square planar 





Figure 5-13. Ball and stick model of 5-2, showing the labelling of non-carbon 
atoms. The C-H hydrogen atoms are omitted for clarity. 
 
Table 5-6. Selected bond lengths [Å] and bond angles [°] for 5-2. 
Cu1–N1 1.911(2)  Cu1–O2 1.9375(19) 
Cu1–O1 1.8751(18)  Cu1–O3a 1.9603(19) 
     
O1–Cu1–N1 94.80(9)  O1–Cu1–O3a 94.85(8) 
O1–Cu1–O2 171.21(8)  N1–Cu1–O3a 169.96(8) 
N1–Cu1–O2 83.68(8)  O2–Cu1–O3a 87.18(8) 
Symmetry transformations used to generate equivalent atoms: a = -x+1,y-1/2,-z+3/2; 
b = -x+1,y+1/2,-z+3/2 
 
 Syn-anti triatomic bridging of carboxylate groups to metal centers 
produce zigzag 1D coordination polymers along the crystallographic b-axis, 
which are further stabilized by metalloaromatic interactions between the 
cyclohexane moieties and copper(II) chelate rings [C15Cg = 3.606, 
H15ACg = 2.914 Å, C15-H15ACg = 127.76o] (Figure 5-14).26  
 




 The 1D polymers then interact with one another through CH∙∙∙π 
[C3Cg = 3.440, H3Cg = 2.516 Å, C3-H3Cg = 164.48o] and offset 
parallel π-π interactions [CgCg = 5.439, perpendicular distance 2.412 and 
slippage 4.875 Å; CgCg = 3.687, perpendicular distance 3.245 and slippage 
1.750 Å] to form a 3D network similar to 5-1a (Figures 5-15).  
 
Figure 5-15. Packing diagram of 5-2 when viewed down b-axis.  
 
5-2-2-5. [Cu6(H2NglyR)6]∙0.2DCM∙0.2H2O∙0.6MeOH, 5-5a 
 Diffusion of DCM into a saturated solution of 5-5 in a mixed solvent 
system of DMSO and MeOH (1:1, v/v) afforded 5-5a, which crystallized in a 
monoclinic system with space group C2/c (Figure 5-16). Selected bond 
lengths and bond angles are listed in Table 5-7. The asymmetric unit contains 
a phenoxo-bridged dinuclear complex bonded to half of another crystall- 
ographically independent complex through carboxylate oxygen atom, together 
with a cluster of DCM, MeOH and water molecules with partial occupancies 





Figure 5-16. Ball and stick model of 5-5a, showing the labelling of non-
carbon atoms. The lattice solvent molecules and C-H hydrogen atoms are 
omitted for clarity.  
 
Table 5-7. Selected bond lengths [Å] and bond angles [°] for 5-5a. 
Cu1–N1 1.998(11)  Cu3–N3c 1.982(12) 
Cu1–O1 1.930(7)  Cu3–O6 2.234(8) 
Cu1–O2 1.940(8)  Cu3–O7 1.956(8) 
Cu1–O3a 2.202(8)  Cu3–O7c 1.962(8) 
Cu1–O4 2.019(8)  Cu3–O8c 1.942(8) 
Cu1∙∙∙Cu2 3.0291(19)  Cu3∙∙∙Cu3c 2.974(3) 
Cu2–N2 1.967(11)  O3–Cu1d 2.202(8) 
Cu2–O1 1.944(8)  O9–Cu2b 2.258(8) 
Cu2–O4 1.973(8)  N3–Cu3c 1.982(12) 
Cu2–O5 1.952(8)  O7–Cu3c 1.962(8) 
Cu2–O9b 2.258(8)  O8–Cu3c 1.942(8) 
     
O1–Cu1–O2 174.6(4)  O2–Cu1–O3a 93.6(3) 
O1–Cu1–N1 90.0(4)  N1–Cu1–O3a 113.5(4) 
O2–Cu1–N1 85.5(4)  O4–Cu1–O3a 93.4(3) 
O1–Cu1–O4 78.8(3)  O1–Cu2–O5 104.4(3) 
O2–Cu1–O4 103.8(3)  O1–Cu2–N2 161.5(4) 
N1–Cu1–O4 151.2(4)  O5–Cu2–N2 84.6(4) 





O5–Cu2–O4 175.1(3)  O7–Cu3–O7c 81.2(3) 
N2–Cu2–O4 90.7(4)  O8c–Cu3–N3c 84.3(4) 
O1–Cu2–O9b 94.3(3)  O7–Cu3– N3c 165.9(4) 
O5–Cu2–O9b 92.5(3)  O7c–Cu3– N3c 90.4(4) 
N2–Cu2–O9b 101.5(4)  O8c–Cu3–O6 94.6(3) 
O4–Cu2–O9b 89.9(3)  O7–Cu3–O6 90.8(3) 
O8c–Cu3–O7 103.1(3)  O7c–Cu3–O6 90.7(3) 
O8c–Cu3–O7c 173.1(4)  N3c–Cu3–O6 100.7(4) 
Symmetry transformations used to generate equivalent atoms: a = x,-y+1,z-1/2; b = -
x+1/2,-y+1/2,-z+1; c = -x+1/2,-y+1/2,-z; d = x,-y+1,z+1/2 
 
 The coordination environments of both complexes are identical, with 
apical positions semi-coordinated by carboxylate oxygen atoms at ca. 2.2 Å 
and Cu∙∙∙Cu bond distances at ca. 3.0 Å for good steric match with 3,5-DTBC 
for catecholase studies. Triatomic carboxylate bridges subsequently connect 
all copper(II) units to generate a 2D zigzag sheet structure which extends 
along the bc plane (Figure 5-17). A 3D porous framework is ultimately formed 
by hydrophobic interactions between naphthalene rings of each 2D sheet, with 
rhombohedral channels occupied by lattice solvent molecules along the c-axis 
and void space accounting for 16 % of the crystal volume (Figure 5-18).         
 





Figure 5-18. 3D porous framework stabilized by hydrophobic interactions.  
5-3. Physicochemical Studies 
5-3-1. X-ray Powder Diffraction Studies 
 As mentioned earlier, a kinetically stable compound was obtained from 
the reaction of [Na(H2NScp)]·H2O and Cu(NO3)2∙3H2O, which could be 
concluded as 5-1 from the matching PXRD patterns (Figure 5-19).  
 
Figure 5-19. (a) Observed PXRD pattern of compound. (b) Simulated PXRD 
pattern of 5-1. 
 
However, it appears that the dissolution of complex and crystal-




made up the dinuclear Cu2O2 cores, leading to formation of the 
thermodynamically stable 5-1a and 5-1b. Complete conversion to 5-1a was 
not observed, as evident from the presence of 5-1 as minor product.   
5-3-2. Infrared Spectra 
Selected IR absorption bands for all ligands and complexes are listed 
in Table 5-8. Broad bands attributed to ν(OH) can be observed in the range 
3200 to 3600 cm-1 due to the presence of lattice water molecules. A 
comparison of the IR spectra of free ligands and copper(II) complexes reveal 
that ν(NH) and ν(C=N) shift to lower wavenumbers by 6 to 25 cm-1, implying 
complex formation.13,27,28 All ligands and complexes also display bands 
corresponding to ν(CO) phenolic in the range 1100 to 1300 cm-1.  
By finding out the difference in wavenumbers (Δν) between νas(COO-) 
and νs(COO-), we will be able to determine the binding mode of the 
carboxylate groups in the complexes, with Δν < 200 cm-1 for bridging 
carboxylate and Δν > 200 cm-1 for monodentate carboxylate.8,29,30 Indeed, syn-
anti triatomic bridging modes are observed for 5-1 and 5-2, while the rest 
exhibit terminal coordination modes of the carboxylate groups. 
Table 5-8. Selected IR absorption bands (cm-1) of all ligands and complexes. 





3492 - 1638 1541 1386 1162 
[Na(H2NSch)]
·0.8H2O 
3419 - 1631 1544 1380 1141 
H2NScpR 3446 2962 - 1565 1385 1279 
H2NSchR - 2944 - 1571 1384 1295 





Complex ν(OH) ν(NH) ν(C=N) νas(COO-) νs(COO-) 
ν(CO) 
phenolic Δν 
5-1 - - 1622 1581 1397 1182 184 
5-2 - - 1606 1552 1397 1187 155 
5-3 - 2956 - 1594 1379 1286 215 
5-4 - 2928 - 1619 1372 1267 247 
5-5 3446 2926 - 1619 1376 1270 243 
 
5-3-3. Electronic Spectra 
 Electronic absorption data for all complexes are listed in Table 5-9. 
Strong CT bands can be observed in the range 317 to 386 cm-1 for all 
complexes, as well as weak d-d transitions (637 to 669 cm-1) attributed to the 
square planar and square pyramidal structures.12,31 Figure 5-20 shows a UV 
spectrum expected for all complexes (see Appendix for other spectra).  
Table 5-9. Electronic absorption data for all complexes. 
Complex 
Absorption bands / nma 
CT d-d 
5-1b 317(25500) 386(21600) 640(390) 
5-2b 317(50000) 384(43000) 637(460) 
5-3b 322(6300) 347(6700) 640(500) 
5-4c 322(5600) 347(7500) 650(380) 
5-5b 336(11300) 386(2900) 669(590) 
[a]: λmax(ε), ε (M






Figure 5-20. UV spectrum of 5-1 in MeOH.  
 
5-3-4. ESI-MS Spectra 
 All ESI-MS spectra had been recorded either in MeOH or a solvent 
mixture of MeOH and DMSO depending on the solubilities of the ligands and 
complexes, with all major molecular species existing in solution in negative 
mode only (Table 5-10). We observe that the ligands display peaks 
corresponding to loss of a proton. Fragmentations of ligands to release 
carboxylate groups, as well as formation of dimolecular species in solution, 
are also observed. For instance, ESI-MS spectrum of [Na(H2NSch)]·0.8H2O 
shows a dominant peak attributed to [H2NSch – H+]-, together with less 
intense peaks of [H2NSch – COO – H+]- and [2H2NSch – 2H+ + Na+]-.  
For all complexes, they exist predominantly in solution as dinuclear 
species with loss of a proton. Besides discharge of carboxylate groups, 
mononuclear species are also formed in smaller amounts, possibly due to 
breaking down of the complexes. For example, a strong peak of 




in addition to [Cu2(H2NSchR)2 – COO – H+]-, [Cu(H2NSchR)]- and [Cu2(H2- 
NSchR)2 + 2H2O + Na+]- as less intense peaks (Figure 5-21). See Appendix 
for other spectra.   
Table 5-10. ESI-MS data for all ligands and complexes. 
Ligand  Major molecular species (m/z, % peak height relative to most intense peak)  
[Na(H2NScp)]·H2O 
 [H2NScp – H+]- (281.9, 100);  
[H2NScp – COO – H+]- (238.3, 29) 
[Na(H2NSch)]·0.8H2O 
 [H2NSch – H+]- (295.9, 100);  
[H2NSch – COO – H+]- (252.3, 39);  
[2H2NSch – 2H+ + Na+]- (615.1, 28) 
H2NSchR 
 [2H2NSchR – H+]- (597.1, 100);  
[H2NSchR – H+]- (299.2, 43) 
 
Complex  Major molecular species (m/z, % peak height relative to most intense peak)  
5-1  [Cu2(H2NScp)2 + CH3OH – H+]- (719.2, 100) 
5-2 
 [Cu2(H2NSch)2 + CH3OH – H+]- (747.2, 100);  
[Cu(H2NSch) + CH3OH – H+]- (389.2, 31) 
5-3 
 [Cu2(H2NScpR)2 + CH3OH – H+]- (723.0, 100); 
[Cu2(H2NScpR)2 – COO – H+]- (647.2, 44);  
[Cu2(H2NScpR)2 + 2H2O + Na+]- (751.0, 38) 
5-4 
 [Cu2(H2NSchR)2 + CH3OH – H+]- (751.3, 100); 
[Cu2(H2NSchR)2 – COO – H+]- (675.4, 29);  
[Cu(H2NSchR)]- (360.5, 23);  
[Cu2(H2NSchR)2 + 2H2O + Na+]- (779.0, 21) 
5-5 
 [Cu2(H2NglyR)2 + CH3OH – H+]- (614.9, 100); 
[Cu2(H2NglyR)2 + Cu(H2NglyR) + CH3OH + H+]-  
(908.7, 60);  
[Cu(H2NglyR) + 2H2O + Na+]- (350.9, 46);   






Figure 5-21. ESI-MS spectrum of 5-4.  
 
5-3-5. Magnetic Susceptibility Results 
 Room temperature magnetic moments, per Cu, are observed in the 
range 0.81 to 2.00 µB which implies presence of antiferromagnetic coupling 
(Table 5-11).8  
Table 5-11. Magnetic moments for 5-1, 5-3, 5-4 and 5-5. 






5-3-6. TGA Results 
 Only complex 5-5 showed weight loss in the temperature range 35 to 
112 oC, corresponding to 1.2 lattice water molecules (weight loss (%), calcd: 




osition temperature was reached, which is in the range 177 to 281 oC. Figure 
5-22 shows the TGA profile of 5-5 (see Appendix for other profiles).  
 
Figure 5-22. TGA profile of 5-5.  
 
5-4. Kinetic Studies for Catecholase Activity 
 All catecholase activities were conducted in MeOH or appropriate 
mixed solvent systems of MeOH and DMF, DMSO or DMA depending on the 
complexes’ solubilities. It was observed that all Cu(II) complexes of Schiff 
base ligands displayed no catalytic activity, due to Cu∙∙∙Cu distances exceed- 
ing 3 Å, the optimum distance for efficient binding of the substrate.1,32 Hence, 
the Schiff base analogue of 5-5 is not synthesized and tested for catecholase 
activity as it is expected to behave in the same manner as 5-1 and 5-2. Even 
though no crystal structures are available for 5-3 and 5-4, results of 
physicochemical studies, as well as steady growth of absorption maximum at 
390 nm up to 2 hours, allow for confirmation of dinuclear Cu2O2 cores with 
Cu∙∙∙Cu distances less than 3 Å (Figure 5-23). Kinetic studies were carried out 




approach was applied to determine the kinetic parameters, and the results were 
obtained from Lineweaver-Burk plots.29,32-34 Unfortunately, inconsistent 
results were reported for 5-3, hence, due to inadequate comparisons available, 
we decided to study solvent effects on catecholase activities of 5-4 and 5-5.   
 
Figure 5-23. Oxidation of 3,5-DTBC by 5-4 in MeOH:DMF (95:5, v/v). 
Similar plots were observed for 5-3 and 5-5 in Appendix.    
 
5-4-1. Kinetic Results of 5-5 
  When kinetic studies were conducted in solvent systems of MeOH, 
MeOH:DMF (95:5, v/v) and (90:10, v/v), we were surprised to observe 
hyperbolic inhibition which does not adhere to Michaelis-Menten kinetics 
(Figure 5-24).35,36 This effect became less pronounced with increased amount 
of DMF, and Michaelis-Menten kinetics was obeyed in (85:15, v/v) (Figure 5-





Figure 5-24. ν against [S] graph depicting hyperbolic inhibition in MeOH.  
 
 
Figure 5-25. Lineweaver-Burk plot of 5-5 in MeOH:DMF (85:15, v/v) 
obeying Michaelis-Menten kinetics. Similar plots are observed for 5-4 in 
different solvent systems and ratios in Appendix.     
 
It is noteworthy to mention that the salicylaldehyde analogue, 
[Cu2(Sgly)2(H2O)]∙2H2O, did not experience hyperbolic inhibition in MeOH 
and obeyed Michaelis-Menten kinetics (kcat = 563 h-1).8 This phenomenon can 
be explained by considering the presence of a conjugated fused benzene 
system in 5-5 that contributes to increased stability of the intermediates 




Table 5-12. Kinetic parameters for 5-5 in MeOH:DMF (85:15).   
kcat [min-1] Km [mM] Vmax [10-4 M min-1] 
61 (3)a 7.3 (0.3) 61 (3) 
[a]: Values were determined from at least three measurements 
 
 A mechanism can thus be derived by taking into account the presence 
of 5-5 (E), 3,5-DTBC (S), 3,5-DTBQ (P), intermediate formed between E and 
one equivalent of S (ES), and intermediate formed between E and two 
equivalents of S (ESS) (Figure 5-26). Schematic representations of both 
intermediates are depicted in Figure 5-27.  
 
Figure 5-26. Mechanism of oxidation of 3,5-DTBC by 5-5 in MeOH.  
 
 




 At low concentrations of substrate (less than 0.002 M), oxidation of 
3,5-DTBC proceeds along the pathway a → b, similar to analogous complexes. 
However, large excess of substrate at higher concentrations (between 0.002 
and 0.006 M) interact with ES through vacant coordination sites trans to 3,5-
DTBC, leading to formation of ESS through pathway c, the rate determining 
step. Subsequent oxidation and release of the product take place along d → e, 
resulting in lower reaction rate. Above 0.006 M, oxidation of 3,5-DTBC can 
proceed along both a → b and a → c → d → e, explaining the gradual increase 
in reaction rate.  
 Stepwise addition of DMF generates increasing amount of a new 
intermediate, ESD, which consists of strong nucleophilic DMF molecules in 
axial positions (Figure 5-28). Formation of ESS which lowers the reaction rate 
is impaired, thereby making hyperbolic inhibition less pronounced and 
allowing Michaelis-Menten kinetics to be approached.  
 






5-4-2. Kinetic Results of 5-4 
 Even though no kinetic study was conducted in MeOH due to poor 
solubility, comparison of kinetic results in MeOH:DMF (95:5, v/v) and (90:10, 
v/v) against 5-5 revealed no hyperbolic inhibition (Figure 5-29). It can be 
rationalized that incorporation of a sterically bulky cyclohexane ring at the α-
carbon prevents formation of ESS, allowing Michaelis-Menten kinetics to be 
obeyed. kcat was also observed to rise significantly with increased amount of 
DMF from (95:5, v/v) to (90:10, v/v) (Table 5-13). This is due to production 
of higher concentration of ESD, a more potent catalyst that can undergo faster 
rate of reoxidation by molecular oxygen in the rate-limiting step of the 
catalytic cycle. The coordinated DMF molecules which are strong nucleophilic 
in nature increase the basicity of the catalyst, resulting in higher rate of 
reoxidation.39-41 However, kcat was lowered unexpectedly upon further addit- 
ion of DMF, which may be caused by excess DMF molecules blocking 3,5-
DTBC from interacting with active site of complex.   
 
Figure 5-29. ν against [S] graph of 5-4 depicting absence of hyperbolic 




Table 5-13. Kinetic results for 5-4 in MeOH:DMF with varying solvent ratios.    
Solvent ratio kcat [min-1] Km [mM] Vmax [10-4 M min-1] 
95:5 33 (1)a 1.0 (0.2) 33 (1) 
90:10 223 (28) 36 (5) 223 (28) 
85:15 80 (5) 14 (1) 80 (5) 
[a]: Values were determined from at least three measurements 
 
 In order to validate the effect of solvent nucleophilicity on catecholase 
activity, 5-4 was chosen and studied in mixed solvent systems of MeOH and 
DMF, DMSO or DMA with the same ratio (95:5). It is obvious from the table 
that the activities follow the order DMSO > DMA > DMF with DMSO 
showing highest activity (Table 5-14). This trend fits perfectly with the 
nucleophilic strengths of the solvents, which also follow the order DMSO 
(29.8) > DMA (27.8) > DMF (26.6) with DMSO having highest donor number, 
resulting in the catalyst having fastest rate of reoxidation and highest kcat 
value.39,41 Hence, we can confirm that nucleophilicity of solvent plays a major 
role in the catalytic activity of Cu(II) complexes of reduced Schiff base 
ligands on oxidation of 3,5-DTBC.        
Table 5-14. Kinetic results for 5-4 in diff. solvent systems with ratio (95:5).   
Solvent system kcat [min-1] Km [mM] Vmax [10-4 M min-1] 
MeOH:DMF  33 (1)a 1.0 (0.2) 33 (1) 
MeOH:DMA 75 (3) 7.5 (0.4) 75 (3) 
MeOH:DMSO 321 (4) 2.42 (0.03) 321 (4) 







 A series of copper(II) complexes of Schiff base and reduced Schiff 
base ligands derived from 2-hydroxy-1-naphthaldehyde have been synthesized 
and characterized by single-crystal X-ray diffraction and other spectroscopic 
methods. With the exception of 5-1b, which displays terminal coordination 
mode for the carboxylate group, all complexes exhibit syn-anti triatomic 
modes, resulting in Cu∙∙∙Cu bond distances to exceed 3Å. Since 3,5-DTBC 
cannot bind efficiently for oxidation to take place, all Cu(II) complexes of 
Schiff base ligands are catalytically inactive. Even though attempts to 
crystallize 5-3 and 5-4 are unsuccessful, we are still able to confirm the 
presence of dinuclear Cu2O2 cores through physicochemical studies and 
observation of steady growth of absorption maximum at 390 nm up to 2 hours. 
Kinetic results of 5-5 show hyperbolic inhibition in pure methanolic system, 
due to formation of ESS which lowers the reaction rate. However, gradual 
addition of DMF, as well as incorporating a sterically bulky cyclohexane ring 
at the α-carbon, as in the case of 5-4, hamper generation of this intermediate, 
leading to obedience of Michaelis-Menten kinetics. Employing solvents of 
different nucleophilicities also strongly influence catecholase activities, with 








5-6. Experimental  
5-6-1. Preparation of ligands 
[Na(H2NScp)]·H2O  
1-amino-1-cyclopentanecarboxylic acid (0.2583 g, 2 mmol) and 
sodium hydroxide (0.0800 g, 2 mmol) were first refluxed in methanol (20 mL), 
followed by addition of 2-hydroxy-1-naphthaldehyde (0.3444 g, 2 mmol) in 
methanol (10 mL). After refluxing for half an hour, the orange-brown solution 
was cooled and filtered prior to rotary-evaporation to small volume. The 
yellow product was precipitated out by addition of a large amount of acetone, 
and was further washed with acetone and diethyl ether before subjected to 
vacuum drying. Yield: 0.47 g (72%). m.p. 213-214 oC. Elemental analysis for 
C17H18NO4Na (%), Calcd: C, 63.15; H, 5.61; N, 4.33; found: C, 62.90; H, 5.85; 
N, 4.33. IR (KBr, cm-1): 3492 ν(OH), 1638 ν(C=N), 1541 νas(COO-), 1386 
νs(COO-), 1162 ν(CO) phenolic. 1H NMR (CD3OD): δ 1.85 – 2.52 (m, 8H, -
C5H8), 6.75 – 8.02 (m, 6H, Ar-H), 9.03 (s, 1H, imine). 13C NMR (CD3OD): δ 
25.4, 39.9, 48.5, 48.7, 74.6 (-C5H8), 107.4, 119.2, 123.5, 126.7, 127.1, 129.3, 
130.1, 136.1, 139.6, 158.1 (aromatic), 178.8 (imine), 181.2 (-COOH).  
[Na(H2NSch)]·0.8H2O 
 This ligand was synthesized by a similar procedure as 
[Na(H2NScp)]·H2O. Yield: 0.47 g (70%). m.p. 187-188 oC. Elemental 
analysis for C18.0H19.6NO3.8Na (%), Calcd: C, 64.78; H, 5.92; N, 4.20; found: 
C, 64.90; H, 5.81; N, 4.09. IR (KBr, cm-1): 3419 ν(OH), 1631 ν(C=N), 1544 




2.26 (m, 10H, -C6H10), 6.77 – 8.01 (m, 6H, Ar-H), 9.08 (s, 1H, imine). 13C 
NMR (CD3OD): δ 23.1, 26.3, 35.8, 48.2, 48.4, 66.9 (-C6H10), 107.4, 119.2, 
123.6, 126.6, 127.1, 129.4, 130.1, 136.0, 139.7, 158.3 (aromatic), 178.5 
(imine), 181.2 (-COOH). 
H2NSchR 
 To a solution of 1-amino-1-cyclohexanecarboxylic acid (2.8640 g, 20 
mmol) in water (20 mL) containing sodium hydroxide (0.8000 g, 20 mmol) 
was added 2-hydroxy-1-naphthaldehyde (3.4440 g, 20 mmol) in chloroform 
(20 mL). The brown mixture was stirred for half an hour at room temperature 
prior to cooling in an ice bath. The intermediate Schiff base was reduced with 
excess solid sodium borohydride (0.8323 g, 22 mmol) in portions with gentle 
stirring until the brown color slowly discharged. After half an hour, the 
mixture was acidified with acetic acid to pH between 3.0 and 4.0, left to stand 
for more than one hour before the resulting solid was filtered off, washed with 
water, methanol and diethyl ether and dried under vacuum. Yield: 3.89 g 
(65%). m.p. 267-268 oC. Elemental analysis for C18H21NO3 (%), Calcd: C, 
72.22; H, 7.07; N, 4.68; found: C, 71.94; H, 6.99; N, 4.72. IR (KBr, cm-1): 
2944 ν(NH), 1571 νas(COO-), 1384 νs(COO-), 1295 ν(CO) phenolic. 1H NMR 
(CD3OD): δ 1.45 – 2.12 (m, 10H, -C6H10), 4.01 (s, 2H, benzylic), 6.95-7.80 (m, 
6H, Ar-H). 13C NMR (CD3OD): δ 24.1, 27.3, 35.1, 48.5, 48.7, 64.0 (-C6H10), 
38.6 (benzylic), 117.8, 120.1, 121.8, 125.5, 126.3, 127.7, 129.2, 129.2, 136.3, 






5-6-2. Preparation of complexes 
[Cu4(H2NScp)4], 5-1 
 To [Na(H2NScp)]·H2O (0.1617 g, 0.5 mmol) dissolved in methanol (7 
mL) was added Cu(NO3)2·3H2O (0.1208 g, 0.5 mmol) in methanol (1 mL). 
The resulting mixture was stirred for half an hour and the green precipitate 
was filtered off, washed with acetone and diethyl ether, and dried under 
vacuum. Yield: 0.47 g (68%). Elemental analysis for C68H60N4O12Cu4 (%), 
Calcd: C, 59.21; H, 4.38; N, 4.06; found: C, 59.58; H, 4.49; N, 4.00. IR (KBr, 
cm-1): 1622 ν(C=N), 1581 νas(COO-), 1397 νs(COO-), 1182 ν(CO) phenolic. 
Green needle-like crystals, [Cu(H2NScp)(MeOH)], 5-1a, were 
obtained after four days when water was allowed to diffuse slowly into a 
saturated solution of 5-1 in DMSO separated by a buffer layer of MeOH.  
Green needle-like crystals, [Cu(H2NScp)(H2O)2]∙H2O, 5-1b,were 
obtained after two days when water was allowed to diffuse slowly into a 
saturated solution of 5-1 in DMF.  
[Cu(H2NSch)], 5-2 
 This complex was synthesized by a similar procedure as 5-1. After the 
green precipitate was collected, the filtrate was diffused with hexane and green 
crystals were obtained after four days. Yield: 0.10 g (57%). Elemental analysis 
for C18H17CuNO3 (%), Calcd: C, 60.24; H, 4.77; N, 3.90; found: C, 60.01; H, 
4.22; N, 4.00. IR (KBr, cm-1): 1606 ν(C=N), 1552 νas(COO-), 1397 νs(COO-), 






 To sodium hydroxide (0.0400 g, 1 mmol) dissolved in methanol (5 mL) 
was added H2NScpR (0.1427 g, 0.5 mmol). Cu(NO3)2·3H2O (0.1208 g, 0.5 
mmol) in water (5 mL) was then added and the mixture was stirred for half an 
hour. The green precipitate was filtered off, washed with acetone and diethyl 
ether, and dried under vacuum. Yield: 0.26 g (74%). Elemental analysis for 
C34H34N2O6Cu2 (%), Calcd: C, 58.86; H, 4.94; N, 4.04; found: C, 58.64; H, 
4.52; N, 3.86. IR (KBr, cm-1): 2956 ν(NH), 1594 νas(COO-), 1379 νs(COO-), 
1286 ν(CO) phenolic. 
[Cu2(H2NSchR)2], 5-4 
 To sodium hydroxide (0.0800 g, 2 mmol) dissolved in water (15 mL) 
was added H2NSchR (0.2994 g, 1 mmol). The resulting solution was stirred 
for half an hour, followed by filtration. To the filtrate was added 
Cu(OAc)2·H2O (0.1997 g, 1 mmol) in methanol (15 mL) and the mixture was 
stirred for half an hour. The green precipitate was filtered off, washed with 
methanol and diethyl ether, and dried under vacuum. Yield: 0.60 g (83%). 
Elemental analysis for C36H38N2O6Cu2 (%), Calcd: C, 59.90; H, 5.31; N, 3.88; 
found: C, 59.52; H, 5.35; N, 3.87. IR (KBr, cm-1): 2928 ν(NH), 1619 νas(COO-
), 1372 νs(COO-), 1267 ν(CO) phenolic. 
[Cu2(H2NglyR)2]∙1.2H2O, 5-5 
 This complex was synthesized by a similar procedure as 5-3. Yield: 
0.22 g (71%). Elemental analysis for C26.0H24.4N2.0O7.2Cu2.0 (%), Calcd: C, 




3446 ν(OH), 2926 ν(NH), 1619 νas(COO-), 1376 νs(COO-), 1270 ν(CO) 
phenolic. 
Green crystals of [Cu6(H2NglyR)6]∙0.2DCM∙0.2H2O∙0.6MeOH, 5-5a 
were obtained after five days when DCM was allowed to diffuse slowly into a 
saturated solution of 5-5 in a mixed solvent system of DMSO and MeOH (1:1, 
v/v).  
5-6-3. Catalytic activity for the oxidation of 3,5-DTBC and kinetic measurements 
 In order to investigate the catecholase activity of the complexes, they 
were being tested against the model substrate 3,5-DTBC at 25 oC. The 1st part 
of the experiment involved addition of 10-4 M solutions of complexes to 100 
equivalents of the substrate in the appropriate solvent system and following 
the course of reaction by UV-vis spectroscopy. The spectra immediately after 
addition and after 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 min 
were recorded, and increase in absorption at 390 nm due to formation of 3,5-
DTBQ gave clear indications of the complexes’ significant catalytic activities.  
 The 2nd part of the experiment featured kinetics of the oxidation of 3,5-
DTBC through method of initial rates. 1 x 10-3 to 1 x 10-2 M solutions of the 
substrate was added to 10-4 M solutions of complexes in the appropriate 
solvent system, and the growth of the 390 nm band of 3,5-DTBQ was 
monitored for a period of 10 min. Kinetic parameters were determined by 
applying the Michaelis-Menten approach, which was originally developed for 
enzyme kinetics, and the results were obtained from Lineweaver-Burk plots. 
Each measurement was also acquired at least three times to evaluate errors in 




5-6-4. X-ray crystallography 
 Crystal data and structure refinement for all complexes are given in 
Table 5-15. All non-hydrogen and hydrogen atoms were refined anisotropical- 




Table 5-15. Crystal data and structure refinement for all complexes. 
 5-1 5-1a 5-1b 5-2 
Empirical formula C68H60N4O12Cu4 C18H19NO4Cu C17H21NO6Cu C18H17NO3Cu 
Formula weight 1379.36 376.88 398.89 358.87 
Temperature 295(2) K 100(2) K 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Triclinic Orthorhombic Monoclinic Monoclinic 
Space group Pī Pbca P21/c P21/c 
Unit cell 
dimensions a = 14.359(9) Å a = 15.853(10) Å a = 16.275(3) Å a = 14.866(2) Å 
 b = 14.522(9) Å b = 6.401(4) Å b = 5.9534(11) Å b = 7.3107(11) Å 
 c = 15.681(9) Å c = 30.947(18) Å c = 17.111(13) Å c = 13.854(2) Å 
 α = 79.747(15)°. α = 90°. α = 90°. α = 90°. 
 β = 68.689(14)°. β = 90°. β = 90.723(4)°. β = 94.573(3)°. 
 γ = 77.147(15)°. γ = 90°. γ = 90°. γ = 90°. 
Volume 2953(3) Å3 3140(3) Å3 1657.8(5) Å3 1500.8(4) Å3 
Z 2 8 4 4 
Density 
(calculated) 1.551 Mg/m
3 1.594 Mg/m3 1.598 Mg/m3 1.588 Mg/m3 
Absorption 
coefficient 1.491 mm
-1 1.413 mm-1 1.352 mm-1 1.470 mm-1 




Crystal size 0.16 x 0.15 x 0.02 mm3 0.35 x 0.12 x 0.02 mm3 0.60 x 0.10 x 0.04 mm3 0.22 x 0.11 x 0.06 mm3 
Theta range for 
data collection 1.55 to 25°. 1.84 to 25°. 2.38 to 27.50°. 2.75 to 27.50°. 
Index ranges 
-17<=h<=17, -18<=h<=18, -17<=h<=21, -12<=h<=19, 
-17<=k<=17, -7<=k<=7, -7<=k<=7, -9<=k<=9, 
-18<=l<=18 -32<=l<=36 -22<=l<=18 -17<=l<=17 
Reflections 
collected 31902 16834 10523 10411 
Independent 
reflections 10400 [R(int) = 0.0880] 2767 [R(int) = 0.1354] 3814 [R(int) = 0.0584] 3447 [R(int) = 0.0512] 
Completeness to 











Max. and min. 
transmission 0.9708 and 0.7964 0.5629 and 0.3796 0.9479 and 0.4976 0.9170 and 0.7381 
Refinement method Full-matrix least-squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-squares 
on F2 
Data / restraints / 
parameters 10400 / 675 / 941 2767 / 7 / 221 3814 / 12 / 244 3447 / 0 / 208 
Goodness-of-fit on 
F2 1.001 1.045 1.063 1.027 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0580, wR2 = 
0.1217 
R1 = 0.0653, wR2 = 
0.1284 
R1 = 0.0502, wR2 = 
0.1084 
R1 = 0.0404, wR2 = 
0.0928 
R indices (all data) R1 = 0.1063, wR2 = 0.1398 
R1 = 0.0965, wR2 = 
0.1405 
R1 = 0.0644, wR2 = 
0.1141 
R1 = 0.0561, wR2 = 
0.1002 
Largest diff. peak 
and hole 0.642 and -0.658 e.Å





  5-5a 
Empirical formula C39.75H33.38Cl0.38N3O9.75Cu3 
Formula weight 912.98 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 32.927(6) Å 
  b = 23.760(4) Å 
  c = 9.6415(17) Å 
  α = 90°. 
  β = 95.016(6)°. 
  γ = 90°. 
Volume 7514(2) Å3 
Z 8 
Density (calculated) 1.614 Mg/m3 
Absorption coefficient 1.772 mm-1 
F(000) 3714 
Crystal size 0.20 x 0.17 x 0.03 mm3 
Theta range for data 





Reflections collected 66003 
Independent reflections 6875 [R(int) = 0.0704] 
Completeness to theta 99.6% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.6483 
Refinement method Full-matrix least-squares on F2 




Goodness-of-fit on F2 1.133 
Final R indices [I>2sigma(I)] R1 = 0.1074, wR2 = 0.2720 
R indices (all data) R1 = 0.1168, wR2 = 0.2765 
Largest diff. peak and hole 2.418 and -2.232 e.Å-3 
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Figure A5-6. 13C NMR of H2NSchR in CD3OD solution. 
 
 







Figure A5-8. UV spectrum of 5-3 in MeOH.  
 
 
Figure A5-9. UV spectrum of 5-4 in DMSO.  
 
 





Figure A5-11. ESI-MS spectrum of [Na(H2NScp)]·H2O. 
 
 
Figure A5-12. ESI-MS spectrum of [Na(H2NSch)]·0.8H2O. 
 
 





Figure A5-14. ESI-MS spectrum of 5-1.  
 
 







Figure A5-16. ESI-MS spectrum of 5-3.  
 
 









Figure A5-18. TGA profile of 5-1. 
 
 










Figure A5-20. TGA profile of 5-3. 
 
 
Figure A5-21. TGA profile of 5-4. 
 
 





Figure A5-23. Oxidation of 3,5-DTBC by 5-5 in MeOH:DMF (95:5, v/v). 
 
 
Figure A5-24. Lineweaver-Burk plot of 5-4 in MeOH:DMF (95:5, v/v). 
 
 





Figure A5-26. Lineweaver-Burk plot of 5-4 in MeOH:DMF (85:15, v/v). 
 
 
Figure A5-27. Lineweaver-Burk plot of 5-4 in MeOH:DMA (95:5, v/v). 
 
 
Figure A5-28. Lineweaver-Burk plot of 5-4 in MeOH:DMSO (95:5, v/v).













Influence of Inductive Effect and Steric Encumbrance on the Catecholase 













 Copper proteins, which are responsible for many biological processes 
such as pigment formation, neurotransmitter biosynthesis, cellular respiration 
and antioxidant defence, can be divided into three types of active sites based 
on their spectroscopic characteristics.1-5 Of interest are the Type-3 copper 
centers, which contain two antiferromagnetically coupled copper(II) ions at 
close proximity with an S = 0 EPR ground state.6 These species are mainly 
coordinated by histidine donors, and they perform either as dioxygen transport 
proteins or oxygenase/oxidase enzymes.7,8 Notable members of this class of 
proteins are tyrosinase and catechol oxidase. The former plays an important 
role in melanin synthesis by catalyzing both hydroxylation of L-tyrosine to L-
dihydroxyphenylalanine (DOPA) and oxidation of DOPA to DOPA quinone, 
while the latter is involved in the oxidation process only but has important 
applications in medical diagnosis of the hormonally active catacholamines 
adrenaline and noradrenaline.9-11  
 Many works have been carried out to establish a relationship between 
copper-mediated substrate oxidations and structural parameters that will 
influence catecholase activities. For instance, Lee and co-workers carried out 
catecholase activity studies on eight phenoxo-bridged dinuclear copper(II) 
complexes with different Cu···Cu distances, and they found out that the 
highest kcat values come from complexes with Cu···Cu distances in the range 
2.9 to 3.0 Å.12 Therefore, they propose that in order to facilitate binding of two 
hydroxyl oxygen atoms of 3,5-DTBC prior to electron transfer, a good steric 
match between the substrate and catalyst is important.13,14 Our group had also 
synthesized dinuclear copper(II) complexes of Schiff base and reduced Schiff 
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base ligands derived from N-(2-hydroxybenzyl)-aminomethane/ethanesulfonic 
acids, and we observed that the Schiff base counterparts displayed absence or 
very low catecholase activities, attributed to formation of eight-membered 
chelate rings that results in poor binding of substrate to the catalysts.15 Hence, 
important factors which can affect catecholase activities include Cu∙∙∙Cu 
distance, size of chelate ring, geometry and electronic properties of the metal 
center.12,16 Other notable crucial elements such as pH, solvent, nature of donor 
groups and bridging moiety also play major roles in affecting kcat values.15,17,18    
In this chapter, we report the synthesis of a series of copper(II) 
complexes derived from reduced Schiff bases which contain different 
substituents on the para position of the bridging phenolate moiety, as well as 
on the α-carbon of the carboxylate group (Scheme 6-1). The catecholase 
activities of all copper(II) complexes have been measured, compared and 
described in detail in this chapter. 
Scheme 6-1. Schematic representation of reduced Schiff base ligands.  
 
 
Ligand R1 R2 
Ala5NO2 CH3 NO2 
Ala5H CH3 H 
Ala5OMe CH3 OMe 
Ala5Cl CH3 Cl 
Ala5Br CH3 Br 
Gly5Br H Br 
Val5Br i-Pr Br 
Leu5Br i-Bu Br 
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6-2. Results and Discussion 
6-2-1. Synthesis 
 Ala5H, Ala5Cl, Ala5Br, Gly5Br, Val5Br, Leu5Br have been synthes- 
ized and reported previously.19-22 Ala5NO2 and Ala5OMe were also obtained 
in a similar fashion as according to those described in Chapter 5, and have the 
same solubility properties. Reaction of metal salt with the corresponding 
ligand yielded the bulk compounds 6-1 to 6-8. Recrystallization afforded 
single crystals of 6-1a, 6-3a, 6-5a, 6-6a, 6-7a and 6-8a in moderate yields and 
had poor solubilities in common solvents except DMF and DMSO. Due to the 
presence of coordinated and lattice solvent molecules in all complexes, the 
single crystals afforded were different from the bulk which were obtained by 
precipitation. Complexes 6-2 and 6-4 were afforded by our group members 
previously and will be used solely for comparison of catecholase activities 
with other complexes.23 With the exception of 6-1a which crystallized as a 
mononuclear repeating unit, all complexes are observed to adopt dinuclear 
structures with bridging phenolate oxygen atoms (Figure 6-1).  
 
Figure 6-1. Schematic representation of all complexes except 6-1a. Axial 
positions are mostly occupied by solvent molecules. 
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6-2-2. Description of crystal structures 
 With the exception of 6-1a and Cu2 of 6-7a, in which the metal centers 
adopt square planar geometries, all complexes are observed to possess 
distorted square pyramidal geometries, with angular structural parameters, τ, 
in the range 0.026 to 0.147.24-27 The reduced Schiff base ligands also display 
tridentate coordination modes, forming five- and six-membered chelate rings 
through the phenolate oxygen, amine nitrogen and carboxylate oxygen atoms. 
Dihedral angles between the two mean ring planes and displacement of the 
metal centers out of the mean planes defined by the donor atoms are found to 
fall in the range 1.32 to 39.93o and 0.002 to 0.249 Å respectively.  
 Cu-O bond distances involving the metal centers and phenolate or 
carboxylate oxygen atoms are observed to fall in the range 1.925(3) - 1.956(4) 
Å and 1.899(3) - 1.9609(19) Å respectively, while the Cu-N bond distances 
for all complexes are found in the range 1.964(3) - 1.997(3) Å, agreeing well 
with values reported in related literature.28,29 Closer analyses of copper(II) 
coordination environments reveal that all complexes exhibited syn-anti 
triatomic coordination mode for the carboxylate group, resulting in weak 
Cu∙∙∙O interactions in the range 2.403 to 2.733 Å.30,31 The rest of the 
coordination sites are then occupied by water molecules or a DMSO molecule 
for Cu2 of 6-8a, and formation of the phenoxo-bridged dinuclear copper(II) 
complexes, with the exception of 6-1a, bring the Cu∙∙∙Cu bond distances to 
2.9621(5) - 3.0231(7) Å for good steric match between the substrate and our 
catalysts for catecholase studies. The structure of the dicopper(II) CP, 6-2 was 
reported previously.24 
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6-2-2-1 [Cu(Ala5NO2)(H2O)], 6-1a 
 Diffusion of H2O into a saturated DMF solution of 6-1 afforded 6-1a, 
which crystallized in an orthorhombic system with space group P21212 (Figure 
6-2). Selected bond lengths and bond angles, and hydrogen bond parameters, 
are listed in Tables 6-1 and 6-2 respectively. The asymmetric unit has a 
formula unit consisting of a chiral reduced Schiff base ligand bonded to Cu(II) 
through a phenolate oxygen (O1), an amine nitrogen (N1), and a carboxylate 
oxygen (O2) atom in mer fashion, and the fourth square planar position was 
occupied by an aqua ligand.32 Such 1D CP arising from mononuclear 
repeating units have been reported in the literature.33,34 
 
Figure 6-2. Ball and stick model of 6-1a, showing the labelling of non-carbon 
atoms. C-H hydrogen atoms are omitted for clarity. 
 
Table 6-1. Selected bond lengths [Å] and bond angles [°] for 6-1a. 
Cu1–N1 1.9722(20)  Cu1–O3a 2.4034(17) 
Cu1–O1 1.9153(17)  Cu1–O4 1.9247(16) 
Cu1–O2 1.9472(15)    
     
O1–Cu1–O4 90.28(8)  N1–Cu1–O4 173.66(9) 
O1–Cu1–O2 168.60(7)  O3a–Cu1–O4 91.73(7) 
O1–Cu1–N1 94.43(8)  N1–Cu1–O2 83.58(8) 
O1–Cu1–O3a 102.44(7)  O3a–Cu1–O2 88.85(6) 
O2–Cu1–O4 90.96(7)  O3a–Cu1–N1 91.41(8) 
Symmetry transformations used to generate equivalent atoms: a = x-1/2,-y+1/2,-z 
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Table 6-2. Hydrogen bond parameters for 6-1a. 
D-H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O4-H4A∙∙∙O2a 0.838(10) 1.851(11) 2.685(2) 174(3) 
O4-H4B∙∙∙O1b 0.836(10) 1.829(13) 2.647(2) 166(3) 
N1-H1∙∙∙O6c 0.77(4) 2.31(4) 3.067(3) 169(3) 
Symmetry transformations used to generate equivalent atoms: a = x-1/2,-y+1/2,-z+1; 
b = x+1/2,-y+1/2,-z+1; c = -x+1,-y+1,z   
 
  The other carboxylate oxygen atom, O3 connects the neighbouring 
Cu(II) center to generate a 1D coordination polymer that propagates along the 
a-axis (Figure 6-3).  
 
Figure 6-3. 1D polymer propagating along the a-axis. 
 
  Each strand utilizes N1∙∙∙O6c hydrogen bonding interactions 
[symmetry code c = -x+1,-y+1,z] with one of the oxygen atoms of the nitro 
group to form a 2D sheet (Figure 6-4), which subsequently employs strong 
complementary hydrogen bonds through the hydrogen atoms of the aqua 
ligands with O1 and O2 from different sheets through O4∙∙∙O2a and O4∙∙∙O1b 
interactions [O4O2a = 2.685 (2) and O4O1b = 2.647(2) Å; symmetry codes 
a = x-1/2,-y+1/2,-z+1; b = x+1/2,-y+1/2,-z+1] to extend the aggregation to a 
3D structure (Figure 6-5). 




Figure 6-4. 2D sheet of 6-1a, with polymers in orange, green and blue, and 
hydrogen bonding interactions as red dotted lines for clarity purpose. 
 
 
Figure 6-5. 3D structure of 6-1a, with each 2D sheet in different colour for 
clarity purpose. 
 
6-2-2-2 [Cu2(Ala5OMe)2(H2O)2], 6-3a 
 The same crystallization technique employed for 6-1a afforded the 
phenoxo-bridged dinuclear complex, 6-3a, which crystallized in a monoclinic 
space group P21. Selected bond lengths and bond angles, and hydrogen bond 
parameters, are listed in Tables 6-3 and 6-4 respectively. The asymmetric unit 
contains this dimer repeating unit (Figure 6-6).  




Figure 6-6. A perspective view of 6-3a showing the coordination geometries 
of the metal centers and intermolecular hydrogen bonding interactions. 
 
Table 6-3. Selected bond lengths [Å] and bond angles [°] for 6-3a. 
Cu1–N1 1.9696(17)  Cu2-O1 1.9527(13) 
Cu1–O1 1.9394(13)  Cu2-O4 1.9493(14) 
Cu1–O2 1.9609(14)  Cu2-O5 1.9211(14) 
Cu1–O4 1.9475(13)  Cu2-O8 2.4186(16) 
Cu1–O7 2.7655(18)  Cu1∙∙∙Cu2 2.9621(4) 
Cu2-N2 1.9825(16)    
     
O1–Cu1–O4 80.78(6)  O4–Cu2–O5 176.00(7) 
O1–Cu1–O2 164.86(6)  O1–Cu2–O5 100.87(6) 
O1–Cu1–N1 95.22(6)  N2–Cu2–O5 84.58(6) 
O1–Cu1–O7 86.04(6)  O5–Cu2–O8 94.13(6) 
O2–Cu1–O4 102.72(6)  O1–Cu2–O4 80.40(6) 
N1–Cu1–O4 173.99(7)  N2–Cu2–O4 94.12(6) 
O4–Cu1–O7 86.23(6)  O4–Cu2–O8 89.65(6) 
N1–Cu1–O2 82.30(6)  N2–Cu2–O1 174.52(6) 
O2–Cu1–O7 79.56(6)  O1–Cu2–O8 90.45(6) 
N1–Cu1–O7 98.03(6)  N2–Cu2–O8 89.80(6) 
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Table 6-4. Hydrogen bond parameters for 6-3a. 
D-H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O7-H7A∙∙∙O6a 0.848(9) 1.969(11) 2.798(2) 166(2) 
N1-H1∙∙∙O2b 0.85(2) 2.13(3) 2.936(2) 158(2) 
O8-H8B∙∙∙O3b 0.844(9) 1.963(10) 2.802(2) 173(2) 
O8-H8A∙∙∙O6c 0.834(9) 2.043(10) 2.877(2) 176(2) 
Symmetry transformations used to generate equivalent atoms: a = -x,y+1/2,-z+1; b = -
x+1,y-1/2,-z+1; c = -x,y-1/2,-z+1   
 
  Each phenolato ligand bridges the copper(II) centers to close proximity 
at a distance of 2.9621(4) Å. A weakly coordinated water molecule occupies 
the apical position in each Cu(II) center in anti manner. Of these two Cu(II) 
centers, Cu1 has distorted octahedral geometry arising from weak coordinat- 
ion of a carboxylate O3 atom (Cu1-O3a distance of 2.462 Å; symmetry oper- 
ator a = 1-x,y-1/2,1-z) from the neighbouring molecule which generates 1D 
helical polymer along b-direction. This is a right-handed helical CP (Figure 6-
7) with a pitch of ~6.7 Å and stabilized by N∙∙∙O and O∙∙∙O hydrogen bonding 
interactions [O7O6a = 2.798(2), N1O2b = 2.936(2), O8O3b = 2.802(2) 
and O8O6c = 2.877(2) Å; symmetry codes a = -x,y+1/2,-z+1; b = -x+1,y-
1/2,-z+1; c = -x,y-1/2,-z+1] (Figure 6-8). There are also CH∙∙∙π interactions 
between methoxy groups and aromatic rings [C21Cg = 3.780, H21ACg = 
2.991 Å, C21-H21ACg = 138.41o, Cg represents centroid] to allow stacking 
to occur. Although another carboxylate O6 atom is very close to Cu2 
(Cu2∙∙∙O6b distance of 3.165 Å, symmetry operator b = -x,y+1/2,1-z), this 
distance is more than the sum of the van der Waals radii, 2.92 Å. This is also 
supported by hydrogen bonded interactions as given in Table 6-4.   




Figure 6-7. 1D right-handed helical coordination polymer of 6-3a. 
 
 
Figure 6-8. Hydrogen bonding interactions within and between 1D polymers. 
 
6-2-2-3 [Cu2(Ala5Br)2(H2O)2], 6-5a   
 Closer analysis of the coordination environment of 6-5a reveal striking 
similarity to 6-3a as they are isomorphous and isostructural. Here the structure 
of 6-5a is briefly mentioned, with selected bond lengths and bond angles, and 
hydrogen bond parameters, listed in Tables 6-5 and 6-6 respectively. The 
coordinated H2O molecules are in antiparallel positions (Figures 6-9 and 6-10) 
with respect to the Cu2O2 core.  




Figure 6-9. 1D right-handed helical coordination polymer of 6-5a. 
 
 
Figure 6-10. Hydrogen bonding interactions within and between 1D poly- 
mers. 
 
 The 1D right-handed helical CPs are stabilized by both intra and 
intermolecular hydrogen bonding interactions [O7∙∙∙O6a = 2.807(3) and 
N2∙∙∙O5a = 2.942(3) Å; symmetry code a = -x+2,y+1/2,-z+1]. However, 
instead of CH∙∙∙π interactions observed in 6-3a, only weak N∙∙∙Br interactions 
[N1∙∙∙Br1d = 3.744(2) Å; symmetry code d = -x+1,y+1/2,-z+1] are involved in 
6-5a, which are weaker as compared to literature values.35-37 
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Table 6-5. Selected bond lengths [Å] and bond angles [°] for 6-5a. 
Cu1–N1 1.9760(23)  Cu2-N2 1.9732(24) 
Cu1–O1 1.9536(20)  Cu2-O1 1.9431(19) 
Cu1–O2 1.9183(20)  Cu2-O4 1.9452(19) 
Cu1–O4 1.9566(19)  Cu2-O5 1.9584(20) 
Cu1–O7 2.3921(24)  Cu1∙∙∙Cu2 2.9824(5) 
     
O1–Cu1–O2 175.69(10)  O4–Cu1–O7 91.89(8) 
O2–Cu1–O4 101.62(8)  N1–Cu1–O7 89.81(9) 
N1–Cu1–O2 84.83(9)  O1–Cu2–O4 80.11(8) 
O2–Cu1–O7 93.38(9)  O1–Cu2–O5 103.19(9) 
O1–Cu1–O4 79.57(8)  N2–Cu2–O1 172.11(10) 
N1–Cu1–O1 93.85(9)  O4–Cu2–O5 165.88(9) 
O1–Cu1–O7 90.71(8)  N2–Cu2–O4 95.78(9) 
N1–Cu1–O4 173.22(9)  N2–Cu2–O5 82.43(9) 
 
Table 6-6. Hydrogen bond parameters for 6-5a. 
D-H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O7-H7A∙∙∙O6a 0.77(2) 2.09(2) 2.807(3) 157(4) 
O7-H7A∙∙∙O1 0.77(2) 2.98(4) 3.107(3) 92(3) 
O8-H8A∙∙∙O6b 0.79(2) 2.70(2) 3.488(4) 179(4) 
O8-H8B∙∙∙O3c 0.79(2) 2.03(2) 2.811(3) 169(4) 
N1-H1∙∙∙O7 0.83(4) 2.65(4) 3.098(3) 116(3) 
N1-H1∙∙∙Br1d 0.83(4) 2.94(4) 3.744(2) 163(3) 
N2-H2∙∙∙O5a 0.99(4) 2.05(4) 2.942(3) 149(3) 
Symmetry transformations used to generate equivalent atoms: a = -x+2,y+1/2,-z+1; b 
= -x+2,y-1/2,-z+1; c = -x+1,y-1/2,-z; d = -x+1,y+1/2,-z+1   
 
6-2-2-4 [Cu2(Gly5Br)2(H2O)2]∙MeOH, 6-6a 
 Reactant diffusion of non-chiral ligand Gly5Br with Cu(NO3)2·3H2O, 
separated by a buffer layer of MeOH, afforded 6-6a in space group P21/c, with 
Cu1∙∙∙Cu1a distance of 2.9975(14) Å, and crystallographic center of inversion 
in the middle of the dinuclear Cu2O2 core (Figure 6-11).  




Figure 6-11. Ball and stick model of 6-6a, showing the labelling of non-
carbon atoms. The solvent molecule and C-H hydrogen atoms are omitted for 
clarity. 
 
  Selected bond lengths and bond angles, and hydrogen bond 
parameters, are listed in Tables 6-7 and 6-8 respectively. The dihedral angle 
between the five- and six-membered chelate rings of 6-6a is observed to be 
much smaller as compared to 6-3a and 6-5a, since it has the weakest Cu∙∙∙O 
interactions at ca. 2.7 Å. Two aqua ligands are in antiparallel positions and the 
neighboring carbonyl oxygen O3 connect neighboring dimers to form 2D 
coordination polymers in the bc plane. This (4,4) grid structure is further 
stabilized by extensive intra- and intermolecular hydrogen bonding 
interactions with the lattice and coordinated solvent molecules [N1∙∙∙O1S = 
3.000(9), O1S∙∙∙O1W = 2.666(8), O1W∙∙∙O3a = 2.691(7) and O1W∙∙∙O3b = 
2.905(8) Å; symmetry codes a = x,-y+3/2,z+1/2; b = -x+1,y+1/2,-z+1/2] 
(Figure 6-12). This is in stark contrast to 6-3a and 6-5a, which involve only 
two weak Cu∙∙∙O interactions per dimer since both metal centers are not 
symmetry related, leading to formation of 1D right-handed helical 
coordination polymers instead of 2D coordination polymers in 6-6a. 




Figure 6-12. 2D coordination polymer of 6-6a. Hydrogen bonding intera- 
ctions with lattice solvent molecules are omitted for clarity purpose. 
 
Table 6-7. Selected bond lengths [Å] and bond angles [°] for 6-6a. 
Cu1–N1 1.9815(54)  Cu1-O2 1.9308(42) 
Cu1–O1 1.9490(40)  Cu1∙∙∙Cu1a 2.9975(14) 
Cu1–O1a 1.9491(40)    
     
O1–Cu1–O2 178.50(20)  O1–Cu1–O1a 79.47(19) 
O1a–Cu1–O2 101.10(17)  N1–Cu1–O1 94.83(19) 
N1–Cu1–O2 84.63(20)  N1–Cu1–O1a 174.05(19) 
Symmetry transformations used to generate equivalent atoms: a = -x+1,-y+1,-z+1 
 
Table 6-8. Hydrogen bond parameters for 6-6a. 
D-H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
N1-H1N∙∙∙O1S 0.85(10) 2.18(10) 3.000(9) 163(9) 
O1S-H1S∙∙∙O1W 0.84 1.83 2.666(8) 172.9 
O1W-H1X∙∙∙O3a 0.85(2) 1.88(4) 2.691(7) 160(9) 
O1W-H1Y∙∙∙O3b 0.86(2) 2.19(6) 2.905(8) 140(8) 
Symmetry transformations used to generate equivalent atoms: a = x,-y+3/2,z+1/2; b = 
-x+1,y+1/2,-z+1/2 
 
 Very weak N∙∙∙Br interactions (Figure 6-13) then allow the polymers of 
6-6a to stack on top of one another to construct a 3D network structure. 
Although this could be attributed to the non-chiral ligand, Gly5Br, similar 
ligand, Sgly produced helical Cu(II) coordination polymer before.23  




Figure 6-13. Stacking of 2D coordination polymers by very weak N∙∙∙Br 
interactions. 
 
6-2-2-5 [Cu2(Val5Br)2(H2O)]∙DMSO∙H2O, 6-7a, and [Cu2(Leu5Br)2(H2O) 
(DMSO)], 6-8a 
 
 Layering a saturated DMSO solution of 6-7 or 6-8 on top of H2O gave 
thin plate-like crystals of 6-7a or 6-8a, which crystallized in the same 
orthorhombic space group P212121 (Figures 6-14 and 6-15). Selected bond 
lengths and bond angles, and hydrogen bond parameters, are listed in Tables 
6-9 to 6-12. Cu1∙∙∙Cu2 distances of both complexes are also observed to be at 
ca. 3.01 Å, slightly longer than other phenoxo-bridged dinuclear complexes.  
 
Figure 6-14. Ball and stick model of 6-7a, showing the labelling of non-
carbon atoms. The lattice solvent molecules and C-H hydrogen atoms are 
omitted for clarity. 




Figure 6-15. Ball and stick model of 6-8a, showing the labelling of non-
carbon atoms. The C-H hydrogen atoms are omitted for clarity. 
 
Table 6-9. Selected bond lengths [Å] and bond angles [°] for 6-7a. 
Cu1–N1 1.9974(25)  Cu2-O1 1.9382(19) 
Cu1–O1 1.9250(20)  Cu2-O3a 2.4814(21) 
Cu1–O2 1.9086(20)  Cu2-O4 1.9512(21) 
Cu1–O4 1.9688(19)  Cu2-O5 1.8989(21) 
Cu1–O7 2.2607(23)  Cu1∙∙∙Cu2 3.0231(5) 
Cu2–N2 1.9762(23)    
     
O1–Cu1–O2 165.97(10)  O1–Cu2–O5 99.85(9) 
O2–Cu1–O4 99.19(8)  O4–Cu2–O5 169.92(9) 
N1–Cu1–O2 86.64(10)  N2–Cu2–O5 86.58(10) 
O2–Cu1–O7 101.30(9)  O3a–Cu2–O5 96.29(8) 
O1–Cu1–O4 77.85(8)  O1–Cu2–O4 77.96(8) 
N1–Cu1–O1 92.89(10)  N2–Cu2–O1 173.55(10) 
O1–Cu1–O7 92.72(9)  O1–Cu2–O3a 103.19(8) 
N1–Cu1–O4 164.09(10)  N2–Cu2–O4 95.61(9) 
O4–Cu1–O7 103.03(8)  O3a–Cu2–O4 93.78(8) 
N1–Cu1–O7 90.17(10)  N2–Cu2–O3a 76.37(9) 
Symmetry transformations used to generate equivalent atoms: a = x+1/2,-y+3/2,-z+1 
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Table 6-10. Hydrogen bond parameters for 6-7a. 
D-H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
N2-H2∙∙∙O3a 0.80(4) 2.23(3) 2.784(3) 127(3) 
N1-H1∙∙∙O1W 0.87(4) 2.09(4) 2.943(8) 167(3) 
O7-H7B∙∙∙O2a 0.846(10) 2.121(15) 2.931(3) 160(3) 
O7-H7A∙∙∙S1 0.849(10) 2.887(19) 3.663(3) 153(3) 
O7-H7A∙∙∙O1S 0.849(10) 1.965(12) 2.806(4) 170(3) 
O7-H7A∙∙∙O1SA 0.849(10) 1.779(17) 2.595(8) 161(4) 
Symmetry transformations used to generate equivalent atoms: a = x+1/2,-y+3/2,-z+1 
 
Table 6-11. Selected bond lengths [Å] and bond angles [°] for 6-8a. 
Cu1–N1 1.9946(26)  Cu2-O1 1.9360(21) 
Cu1–O1 1.9338(21)  Cu2-O3a 2.5495(22) 
Cu1–O2 1.9174(21)  Cu2-O4 1.9514(20) 
Cu1–O4 1.9633(21)  Cu2-O5 1.9089(21) 
Cu1–O7 2.2640(22)  Cu1∙∙∙Cu2 3.0070(5) 
Cu2–N2 1.9635(25)    
     
O1–Cu1–O2 167.94(10)  O1–Cu2–O5 100.06(9) 
O2–Cu1–O4 99.55(9)  O4–Cu2–O5 174.09(10) 
N1–Cu1–O2 85.94(10)  N2–Cu2–O5 85.98(10) 
O2–Cu1–O7 102.17(9)  O3a–Cu2–O5 89.57(8) 
O1–Cu1–O4 78.37(8)  O1–Cu2–O4 78.61(8) 
N1–Cu1–O1 92.51(10)  N2–Cu2–O1 173.72(10) 
O1–Cu1–O7 89.89(9)  O1–Cu2–O3a 102.45(8) 
N1–Cu1–O4 161.29(10)  N2–Cu2–O4 95.55(9) 
O4–Cu1–O7 100.12(9)  O3a–Cu2–O4 96.34(8) 
N1–Cu1–O7 96.12(10)  N2–Cu2–O3a 75.74(9) 
Symmetry transformations used to generate equivalent atoms: a = x+1/2,-y+1/2,-z+1 
 
Table 6-12. Hydrogen bond parameters for 6-8a. 
D-H∙∙∙A d(D-H)/Å d(H∙∙∙A)/Å d(D∙∙∙A)/Å <DHA/˚ 
O7-H7A∙∙∙O1Sa 0.842(10) 1.953(14) 2.778(3) 166(4) 
O7-H7A∙∙∙S1a 0.842 2.796 3.580 155.63 
O7-H7B∙∙∙O2a 0.842(10) 2.222(14) 3.050(3) 167(4) 
N2-H2∙∙∙O3a 0.87(4) 2.18(4) 2.809(3) 129(3) 
Symmetry transformations used to generate equivalent atoms: a = x+1/2,-y+1/2,-z+1 
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Similar to complexes 6-3a and 6-5a, weak Cu2∙∙∙O3 interactions (Cu2-
O3a distances of 2.4814(21) and 2.5494(22) Å; symmetry codes a = x+1/2,-
y+3/2,-z+1 and x+1/2,-y+1/2,-z+1 for 6-7a and 6-8a respectively) connect 
each dimer in close proximity to form 1D right-handed helical coordination 
polymers with a much larger a-axis pitch of ~9.5 Å, due to the existence of 
sterically bulky DMSO molecules in the lattice. Intramolecular hydrogen 
bonding interactions between the carboxylate oxygen atoms and methyl 
groups of the lattice or coordinated DMSO molecules lead to the formation of 
2D sheets in the ab plane (Figure 6-16). Further stacking of these sheets 
occurs through very weak CHBr interactions along c-direction.  
 
Figure 6-16. 2D sheet of 6-7a. Similar structure is observed for 6-8a. 
 
6-3. Physicochemical Studies 
6-3-1. Infrared Spectra 
 Selected IR absorption bands for all ligands and complexes are listed 
in Table 6-13. A comparison of the IR spectra of free ligands and copper(II) 
complexes reveal that ν(NH) shifts to lower wavenumbers by 7 to 58 cm-1, 
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implying complex formation.19-22,30,38,39 All ligands and complexes also 
display bands corresponding to ν(CO) phenolic in the range 1100 to 1300 cm-1. 
The difference in wavenumbers (Δν) between νas(COO-) and νs(COO-) was 
used to determine the binding mode of the carboxylate groups in the 
complexes, with Δν < 200 cm-1 for bridging carboxylate and Δν > 200 cm-1 for 
monodentate carboxylate.24,40,41 However, Δν for all complexes are observed 
in the range 230 to 254 cm-1, implying terminal coordination modes of the 
carboxylate groups, even though crystal structures show triatomic bridging 
modes. This can be explained by considering the breaking of weak Cu∙∙∙O 
interactions during IR sample preparations. 
Table 6-13. Selected IR absorption bands (cm-1) of all ligands and complexes. 
Ligand ν(NH) νas(COO-) νs(COO-) ν(CO) phenolic 
Ala5NO2 2988 1621 1405 1290 
Ala5OMe 2995 1623 1363 1262 
 
Complex ν(OH) ν(NH) νas(COO-) νs(COO-) ν(CO) phenolic 
6-1 - 2964 1625 1383 1297 
6-3 - 2937 1631 1382 1263 
6-5 - 2934 1609 1379 1267 
6-6 - 2925 1610 1379 1281 
6-7 3445 2960 1637 1383 1270 
6-8 3446 2953 1628 1385 1272 
 
6-3-2. Electronic Spectra 
 Electronic absorption data for all complexes are listed in Table 6-14. 
CT bands assigned as ligand-to-metal (phenoxo-to-copper) transitions can be 
observed in the range 373 to 409 cm-1 for all complexes, as well as weak d-d 
                                                                                                              Chapter 6 
218 
 
transitions (650 to 678 cm-1) attributed to the square planar and square 
pyramidal structures.24,42,43 Figure 6-17 shows a UV spectrum of 6-3 (see 
Appendix for other spectra).  
 
Figure 6-17. UV spectrum of 6-3 in MeOH:DMSO (95:5, v/v). 
 
 The LMCT bands are also shifted to lower energies by electron-
donating groups which increase the energy of the phenolate orbitals and 
decrease the Lewis acidity of the metal center, while the reverse holds true for 
electron-withdrawing groups.44,45 Indeed, the energies increase in the order 
OMe (6-3) < Br (6-5) < NO2 (6-1), with 6-1 having the highest energy.  
Table 6-14. Electronic absorption data for all complexes in MeOH:DMSO 
(95:5, v/v). 
Complex 
Absorption bands / nma 
CT d-d 
6-1 373(98700) 674(800) 
6-3 409(1290) 650(240) 
6-5 402(3200) 670(800) 
6-6 401(1780) 678(590) 
6-7 399(910) 672(180) 
6-8 398(490) 669(100) 
[a]: λmax(ε), ε (M
-1cm-1) 
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6-3-3. ESI-MS Spectra 
All ESI-MS spectra had been recorded either in MeOH or a solvent 
mixture of MeOH and DMSO depending on the solubilities of the ligands and 
complexes, with all major molecular species existing in solution in negative 
mode only (Table 6-15).  
Table 6-15. ESI-MS data for all ligands and complexes. 
Ligand  Major molecular species (m/z, % peak height relative to most intense peak)  
Ala5NO2 
 [Ala5NO2 – H+]- (239.1, 100);  
[2Ala5NO2 – H+]- (478.7, 75) 
Ala5OMe  [2Ala5OMe – H+]- (448.9, 100) 
 
Complex  Major molecular species (m/z, % peak height relative to most intense peak)  
6-1 
 [2Cu(Ala5NO2) + CH3OH – H+]- (633.0, 100); 
[3Cu(Ala5NO2) + CH3OH + H+]- (935.8, 87) 
6-3 
 [Cu2(Ala5OMe)2 + CH3OH – H+]- (602.8, 100);  
[Cu2(Ala5OMe)2 + Cu(Ala5OMe) + CH3OH + H+]- 
(890.7, 77); 
[Cu2(Ala5OMe)2 – COO – H+]- (527.1, 65) 
6-5  [Cu2(Ala5Br)2 + 2H2O – H+]- (702.7, 100) 
6-6  [Cu2(Gly5Br)2 + 2H2O – H+]- (674.8, 100) 
6-7  [Cu2(Val5Br)2 + CH3OH + H+]- (757.0, 100) 
6-8  [Cu2(Leu5Br)2 + CH3OH + H+]- (785.1, 100) 
 
 We observe that the ligands display peaks corresponding to loss of a 
proton and formation of dimolecular species in solution. For instance, ESI-MS 
spectrum of Ala5NO2 shows a dominant peak attributed to [Ala5NO2 – H+]-, 
together with a less intense peak of [2Ala5NO2 – H+]-. For all complexes, they 
also exist predominantly in solution as dinuclear species with loss of a proton. 
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For example, a strong peak of [Cu2(Ala5Br)2 + 2H2O – H+]- is observed in the 
ESI-MS spectrum of 6-5 (Figure 6-18). See Appendix for other spectra.   
 
Figure 6-18. ESI-MS spectrum of 6-5. 
 
6-3-4. Magnetic Susceptibility Results 
 Room-temperature magnetic moments, per Cu, for 6-3 and 6-5 to 6-8 
are observed in the range 1.09 to 1.65 µB, which indicate presence of 
moderately strong antiferromagnetic coupling (Table 6-16).19,24 
Table 6-16. Magnetic moments for 6-3 and 6-5 to 6-8. 
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6-3-5. TGA Results 
Only complexes 6-7 (Figure 6-19) and 6-8 showed weight loss in the 
temperature range 80 to 139 oC and 35 to 96 oC, corresponding to 0.5 lattice 
and 1 coordinated water molecules (weight loss (%), calcd: 3.6; found: 3.0), 
and 0.2 lattice water molecules (weight loss (%), calcd: 0.5; found: 0.8) 
respectively. All other complexes did not show weight loss until > 220 oC. See 
Appendix for other profiles.  
 
Figure 6-19. TGA profile of 6-7. 
 
6-4. Kinetic Studies for Catecholase Activity 
 All catecholase activities were conducted in a mixed solvent system of 
MeOH and DMSO due to the complexes’ poor solubilities in MeOH except 
for 6-2. Our group had previously investigated the catecholase activity of 6-2 
in MeOH, and in order to have a fair comparison with our complexes, 
catecholase activity of 6-2 is also conducted in the same mixed solvent 
system.24 The bulk samples 6-1 to 6-8 were used for the catecholase studies 
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and dissolution of these compounds are expected to produce the solvated 
compounds for which the crystal structures have been determined.  
Similarly to Chapter 5, it is important for us to check whether our 
complexes can oxidize 3,5-DTBC before carrying out detailed kinetic studies. 
With the exception of 6-1, all complexes display steady growth of absorption 
maximum at 390 nm up to 2 h, allowing for confirmation of dinuclear Cu2O2 
cores with Cu∙∙∙Cu distances at ca. 3 Å (Figure 6-20).  
 
Figure 6-20. Oxidation of 3,5-DTBC by 6-3. Similar plots were observed for 
other complexes except 6-1. 
 
 It has been observed that a dicopper(II) core with Cu∙∙∙Cu distance of < 
3.2Å is one of the requirements for the 3,5-DTBC to efficiently bind to the 
metal centers for oxidation to take place. The absence of catalytic activity of 
6-1 can be correlated to its monomeric structure in the solid state as well as in 
solution.12-18,24,46,47 Plots of absorbance against wavelength for other complex- 
es are shown in the Appendix. The 2nd part of the experiment involves 
kinetics of the oxidation of 3,5-DTBC through method of initial rates. An 
                                                                                                              Chapter 6 
223 
 
example of a Lineweaver-Burk plot of 6-3 is depicted in Figure 6-21, and plots 
of other complexes are given in the Appendix. We observe a linear 
relationship between the initial rates obtained and the complexes’ 
concentrations, which implies a first-order dependance on the concentration of 
catalyst for our systems. 
 
Figure 6-21. Lineweaver-Burk plot of 6-3. Similar plots were observed for 
other complexes except 6-1. 
 
 The kinetic parameters for all complexes except 6-1 are listed in Table 
6-17. When we compare 6-2, 6-3, 6-4 and 6-5, which contain a methyl group 
on the α-carbon of the carboxylate group but possess different groups on the 
para position of the bridging phenolate moiety, it is obvious that the catalytic 
activities follow the order H (6-2) > OMe (6-3) > Br (6-5) > Cl (6-4) with 6-2 
showing the highest activity (kcat = 47 min-1 or 2830 h-1). This phenomenon 
can be ration- alized by considering the different electronegativities of the 
substituents. For instance, the strong electron-withdrawing nature of Cl in 6-4 
decreases the activity noticeably when compared to the activity of 6-2 which 
contains the strong electron-donating H. This explanation is further supported 
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by our reported work, in which the catecholase activities follow the same 
order CH3 > H > OH > Cl with CH3 showing the highest activity.48 In another 
example, Torelli and co-workers carried out catecholase studies on dinuclear 
copper(II) complexes of H-BPMP-type ligands, and they observed drastic 
modulation of activities by the para substituents. Using the methyl-substituted 
ligand as a reference, the activity was found to be inhibited to a moderate 
extent when substituted by a strong electron-withdrawing F atom, and the vice 
versa was reported to be true for the electron-donating OMe group.49 We 
postulate that inductive effects have large influences on the redox reactions of 
our complexes with 3,5-DTBC, with complexes containing electron-donating 
sub- stituents more easily reoxidised by molecular oxygen in the rate-limiting 
step of the catalytic cycle, leading to higher kcat values as compared to the 
ones with electron-withdrawing substituents.50 Therefore, based on our 
obtained and reported results, we are able to draw a definite conclusion about 
the impact substituent electronegativity has on the catecholase activities.  
Table 6-17. Kinetic parameters for all complexes except 6-1.   
Complex 
(Ligand) kcat [min
-1]  Km [mM] Vmax [10-4 M min-1] 
6-2 (Ala5H) 47 (1) 11 (1) 47 (1) 
6-3 (Ala5OMe) 43 (3) 6.2 (0.8) 43 (3) 
6-4 (Ala5Cl) 23.5 (0.7) 5.6 (0.8) 23.5 (0.7) 
6-5 (Ala5Br) 30 (3) 9 (1) 30 (3) 
6-6 (Gly5Br) 8.5 (0.6) 3.5 (0.4) 8.5 (0.6) 
6-7 (Val5Br) 46 (3) 20 (3) 46 (3) 
6-8 (Leu5Br) 66 (1) 2.3 (0.1) 66 (1) 
 
 In order to understand how steric encumbrance on the α-carbon of the 
carboxylate group can influence oxidation of 3,5-DTBC to 3,5-DTBQ, 6-6, 6-
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7 and 6-8 have been synthesized and their catecholase activities compared 
against 6-5. The catalytic activities are found to increase in the order H (6-6) < 
CH3 (6-5) < i-Pr (6-7) < i-Bu (6-8) with 6-8 showing the highest activity (kcat 
= 66 min-1 or 3937 h-1). Even though increase in steric bulkiness is expected to 
decrease the kinetic rate due to inaccessibility of the catechol to the Cu2O2 
core50,51, we observed increase in kcat values with increase in steric effects 
instead. We postulate that increase in steric encumbrance causes the Cu2O2 
core to experience greater strain and become less planar, resulting in higher 
reactivity towards oxidation of 3,5-DTBC.52,53 This explains why increasing 
steric encumbrance from H (6-6) → CH3 (6-5) → i-Pr (6-7) → i-Bu (6-8) 
brings about an increase in catecholase activity in the same order.   
 We also try to establish a relationship between the Cu∙∙∙Cu distances 
and strength of inductive effects of the substituents, which seems to show 
increase distances with increase in –I effects (H (6-2), 2.9496(6) < OMe (6-3), 
2.9621(5) < Br (6-5), 2.9822(5) < Cl (6-4), 2.9861(6-7) Å). However, this 
trend is not observed in the aforementioned reported papers, as well as among 
6-5, 6-6, 6-7 and 6-8 which have the same functional group para to the 
bridging phenolate moiety but differ in steric bulkiness on the α-carbon of the 
carboxylate group. Therefore, it is difficult to conclude that substituent 
electronegativity or steric encumbrance influences Cu∙∙∙Cu distances solely, 
which in turn affect catalytic activities. Other factors such as pH and substrate-
catalyst interactions can also modify kcat values to a great extent, and Cu∙∙∙Cu 
separation in the solid state may not be the same as that in the solution form, 
since the ligands can be conformationally more flexible in the latter state. Our 
group had previously synthesized a series of similar di-copper systems with 
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kcat values ranging from 312 up to 5048 h-1 (in this work, our values range 
from 522 to 3937 h-1).15,48 Wegner and co-workers also reported kcat values 
from < 1 h-1 to an astonishingly high 9471 h-1, while Mukherjee et al. and 
Meyer et al. reported turnover numbers of 5470 h-1 and 2804 h-1 respect- 
ively.54-56 Hence, our observed values suggest moderately high to high 
catalytic activity of our present complexes. Another interesting point to note is 
that our obtained results are still extremely low when compared against native 
enzymes such as catechol oxidase from sweet potatoes (kcat = 2293 s-1).56-60 
Hence, from our findings thus far, only rough correlations can be deduced and 
a more systematic design of binucleating ligands will be needed in hope of 
achieving even higher turnover numbers.  
6-5. Summary 
 A series of copper(II) complexes derived from reduced Schiff base 
ligands has been synthesized and characterized by single-crystal X-ray 
diffraction and spectroscopic analyses. All complexes crystallized as phenoxo-
bridged dinuclear complexes except for 6-1a, which has a 1D coordination 
polymeric structure based on mononuclear repeating unit and is therefore 
catalytically inactive. The axial positions in 6-3a, 6-5a, 6-7a and 6-8a are 
occupied by solvent ligands and carboxylate oxygen atoms from adjacent 
dimers, resulting in the formation of 1D helical polymers. In 6-6a, a 2D 
network is constructed by utilizing weak Cu∙∙∙O interactions (~2.7 Å) with 
carboxylate groups. Complexes containing dinuclear Cu2O2 cores with Cu∙∙∙Cu 
distances at ca. 3 Å display steady growth of absorption maximum at 390 nm 
up to 2 hours, implying the complexes’ capability in oxidizing 3,5-DTBC to 
3,5-DTBQ. Comparison of kinetic parameters of 6-2, 6-3, 6-4 and 6-5 reveal 
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the order H (6-2) > OMe (6-3) > Br (6-5) > Cl (6-4) with 6-2 showing the 
highest activity since it contains the strong electron-donating H. Steric effects 
are also shown to influence catecholase activities of 6-5, 6-6, 6-7 and 6-8 to a 
great extent, with the sterically bulky 6-8 having the highest turnover number. 
Even though the obtained kcat values are comparable to similar catalysts, they 
are still very low when compared against native enzymes, thereby requiring a 
more systematic design of binucleating ligands. 
6-6. Experimental  
6-6-1. Preparation of ligands 
Ala5NO2 
 To a solution of L-alanine (0.3564 g, 4 mmol) in water (10 mL) 
containing sodium hydroxide (0.1600 g, 4 mmol) was added 2-hydroxy-5-
nitrobenzaldehyde (0.6684 g, 4 mmol) in methanol (10 mL). The yellow 
solution was stirred for half an hour at room temperature prior to cooling in an 
ice bath. The intermediate Schiff base was reduced with slight excess of 
sodium borohydride (0.1816 g, 4.8 mmol) in portions with gentle stirring until 
the yellow color slowly discharged. After half an hour, the mixture was 
acidified with acetic acid to pH 4.0 to 6.0, left to stand for more than one hour 
before the resulting solid was filtered off, washed with water, methanol and 
diethyl ether and dried under vacuum. Yield: 0.62 g (65%). m.p. 188-189 oC. 
Unfortunately, elemental analysis proved problematic for Ala5NO2 due to its 
hygroscopic nature, but NMR spectroscopy and other characterization 
techniques were able to confirm its structure. Elemental analysis for 
C10H12N2O5 (%), Calcd: C, 50.00; H, 5.04; N, 11.66; found: C, 50.21; H, 7.02; 
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N, 12.88. IR (KBr, cm-1): 2988 ν(NH), 1621 νas(COO-), 1593 νas(N=O), 1405 
νs(COO-), 1338 νs(N=O), 1290 ν(CO) phenolic. 1H NMR (CD3OD): δ 1.25 – 
1.29 (d, 3H, -CH3), 3.15 – 3.22 (q, 1H, -CH), 3.45 – 3.77 (m, 2H, -CH2), 6.37 
– 8.02 (m, 3H, Ar-H). 13C NMR (CD3OD): δ 19.7 (-CH3), 49.7 (-CH2), 59.9 (-
CH), 120.0, 127.5, 127.7, 129.6, 133.4, 179.0 (aromatic), 183.2 (-COOH).  
Ala5OMe 
 Ala5OMe was prepared as Ala5NO2 except that 2-hydroxy-5-
methoxybenzaldehyde was used instead of 2-hydroxy-5-nitrobenzaldehyde. 
Yield: 0.54 g (60%). m.p. 169-170 oC. Elemental analysis for C11H15NO4 (%), 
Calcd: C, 58.66; H, 6.71; N, 6.22; found: C, 58.60; H, 6.69; N, 6.02. IR (KBr, 
cm-1): 2995 ν(NH), 1623 νas(COO-), 1363 νs(COO-), 1262 ν(CO) phenolic. 1H 
NMR (CD3OD): δ 1.45 – 1.49 (d, 3H, -CH3), 3.48 – 3.53 (q, 1H, -CH), 3.71 – 
3.74 (s, 3H, -OCH3), 4.10 – 4.19 (m, 2H, -CH2), 6.79 – 6.89 (m, 3H, Ar-H). 
13C NMR (CD3OD): δ 16.3 (-CH3), 47.6 (-CH2), 56.2 (-OCH3), 58.6 (-CH), 
117.1, 117.2, 117.6, 120.3, 151.4, 154.5 (aromatic), 175.3 (-COOH).  
6-6-2. Preparation of complexes 
[Cu(Ala5NO2)], 6-1 
To lithium hydroxide (0.0240 g, 1 mmol) dissolved in water (3 mL) 
was added Ala5NO2 (0.1201 g, 0.5 mmol). Cu(NO3)2·3H2O (0.1208 g, 0.5 
mmol) in ethanol (3 mL) was then added and the mixture was stirred for half 
an hour. The green precipitate was filtered off, washed with water, acetone 
and diethyl ether, and dried under vacuum. Yield: 0.11 g (74%). Elemental 
analysis for C10H10N2O5Cu (%), Calcd: C, 39.80; H, 3.34; N, 9.28; found: C, 
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39.66; H, 3.69; N, 9.32. IR (KBr, cm-1): 2964 ν(NH), 1625 νas(COO-), 1602 
νas(N=O), 1383 νs(COO-), 1345 νs(N=O), 1297 ν(CO) phenolic.  
Green crystals of [Cu(Ala5NO2)(H2O)], 6-1a were obtained after 
three days when water was allowed to diffuse slowly into a saturated DMF 
solution of 6-1. 
[Cu2(Ala5OMe)2], 6-3 
Complex 6-3 was prepared as 6-1 except that Ala5OMe was used 
instead of Ala5NO2. Yield: 0.20 g (70%). Elemental analysis for 
C22H26N2O8Cu2 (%), Calcd: C, 46.07; H, 4.57; N, 4.88; found: C, 46.06; H, 
4.60; N, 4.88. IR (KBr, cm-1): 2937 ν(NH), 1631 νas(COO-), 1382 νs(COO-), 
1263 ν(CO) phenolic. 
 Green crystals of [Cu2(Ala5OMe)2(H2O)2], 6-3a were obtained after 
four days when toluene was allowed to diffuse slowly into a saturated DMF 
solution of 6-3.  
[Cu2(Ala5Br)2], 6-5 
Complex 6-5 was prepared as 6-1 except that Ala5Br was used instead 
of Ala5NO2. Yield: 0.24 g (71%). Elemental analysis for C20H20N2O6Br2Cu2 
(%), Calcd: C, 35.78; H, 3.00; N, 4.17; found: C, 35.36; H, 2.94; N, 4.04. IR 
(KBr, cm-1): 2934 ν(NH), 1609 νas(COO-), 1379 νs(COO-), 1267 ν(CO) 
phenolic.  
Green crystals of [Cu2(Ala5Br)2(H2O)2], 6-5a were obtained after four 
days when water was allowed to diffuse slowly into a saturated solution of 6-5 
in a mixed solvent system of DMF and ethanol (1:1, v/v).  




Complex 6-6 was prepared as 6-1 except that Gly5Br was used instead 
of Ala5NO2. Yield: 0.22 g (67%). Elemental analysis for C18H16N2O6Br2Cu2 
(%), Calcd: C, 33.61; H, 2.51; N, 4.36; found: C, 33.57; H, 2.95; N, 4.09. IR 
(KBr, cm-1): 2925 ν(NH), 1610 νas(COO-), 1379 νs(COO-), 1281 ν(CO) 
phenolic.  
Gly5Br (0.1300 g, 0.5 mmol) and lithium hydroxide (0.0240 g, 1.0 
mmol) were dissolved in water (4 mL), and this solution was carefully layered 
on Cu(NO3)2·3H2O (0.1208 g, 0.5 mmol) in water (4 mL) separated by a 
buffer layer of methanol to give green block crystals of [Cu2(Gly5Br)2 
(H2O)2]∙MeOH, 6-6a after five days. 
[Cu2(Val5Br)2(H2O)]∙0.5H2O, 6-7 
 Complex 6-7 was prepared as 6-1 except that Val5Br was used instead 
of Ala5NO2. Yield: 0.25 g (65%). Elemental analysis for C24H32N2O8Br2Cu2 
(%), Calcd: C, 38.21; H, 4.14; N, 3.71; found: C, 38.37; H, 4.08; N, 3.61. IR 
(KBr, cm-1): 3445 ν(OH), 2960 ν(NH), 1637 νas(COO-), 1383 νs(COO-), 1270 
ν(CO) phenolic.  
Green crystals of [Cu2(Val5Br)2(H2O)]∙DMSO∙H2O, 6-7a were 
obtained after three days when water was allowed to diffuse slowly into a 
saturated DMSO solution of 6-7. 
[Cu2(Leu5Br)2]∙0.2H2O, 6-8 
 Complex 6-8 was prepared as 6-1 except that Leu5Br was used instead 
of Ala5NO2. Yield: 0.25 g (67%). Elemental analysis for C26.0H32.4N2.0O6.2 
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Br2.0Cu2.0 (%), Calcd: C, 41.14; H, 4.30; N, 3.69; found: C, 41.53; H, 4.22; N, 
3.81. IR (KBr, cm-1): 3446 ν(OH), 2953 ν(NH), 1628 νas(COO-), 1385 
νs(COO-), 1272 ν(CO) phenolic.  
Small green block crystals of [Cu2(Leu5Br)2(H2O)(DMSO)], 6-8a 
were obtained after three days when water was allowed to diffuse slowly into 
a saturated DMSO solution of 6-8. 
6-6-3. Catalytic activity for the oxidation of 3,5-DTBC and kinetic measurements 
 In order to investigate the catecholase activity of the complexes, they 
were being tested against the model substrate 3,5-DTBC at 25 oC. The 1st part 
of the experiment involved addition of 10-4 M solutions of complexes to 100 
equivalents of the substrate in a mixed solvent system of MeOH and DMSO 
(95:5, v/v) and following the course of reaction by UV-vis spectroscopy. The 
spectra immediately after addition and after 10, 20, 30, 40, 50, 60, 70, 80, 90, 
100, 110 and 120 min were recorded, and increase in absorption at 390 nm due 
to formation of 3,5-DTBQ gave clear indications of the complexes’ significant 
catalytic activities.  
 The 2nd part of the experiment featured kinetics of the oxidation of 3,5-
DTBC through method of initial rates. 3 x 10-3 to 1.2 x 10-2 M solutions of the 
substrate was added to 10-4 M solutions of complexes in the same mixed 
solvent system, and the growth of the 390 nm band of 3,5-DTBQ was 
monitored for a period of 10 min. Kinetic parameters were determined by 
applying the Michaelis-Menten approach, which was originally developed for 
enzyme kinetics, and the results were obtained from Lineweaver-Burk 
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plots.49,61 Each measurement was also acquired at least three times to evaluate 
errors in the kinetic parameters.   
6-6-4. X-ray crystallography 
 Crystal data and structure refinement for all complexes are given in 
Tables 6-18 and 6-19. All non-hydrogen and hydrogen atoms were refined 
anisotropically and isotropically respectively. All the hydrogen atom positions 
of the solvent molecules were also located and their positional parameters 














Table 6-18. Crystal data and structure refinement for 6-1a, 6-3a and 6-5a (CCDC 965509, 965510 and 965512). 
 6-1a 6-3a 6-5a 
Empirical formula C10H12N2O6Cu C22H30N2O10Cu2 C20H24Br2N2O8Cu2 
Formula weight 319.76 609.56 707.31 
Temperature 100(2) K 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Orthorhombic Monoclinic Monoclinic 
Space group P21212 P21 P21 
Unit cell dimensions a = 7.6423(4) Å a = 13.8398(15) Å a = 13.1442(16) Å 
 b = 24.3583(15) Å b = 7.2308(8) Å b = 7.2517(9) Å 
 c = 6.3921(4) Å c = 13.9096(16) Å c = 13.7162(17) Å 
 α = 90°. α = 90°. α = 90°. 
 β = 90°. β = 118.406(3)°. β = 117.640(4)°. 
 γ = 90°. γ = 90°. γ = 90°. 
Volume 1189.91(12) Å3 1224.4(2) Å3 1158.2(2) Å3 
Z 4 2 2 
Density (calculated) 1.785 Mg/m3 1.653 Mg/m3 2.028 Mg/m3 
Absorption coefficient 1.861 mm-1 1.796 mm-1 5.337 mm-1 
F(000) 652 628 700 




Theta range for data 
collection 2.79 to 27.50°. 2.87 to 27.49°. 2.93 to 27.50°. 
Index ranges 
-9<=h<=9, -17<=h<=17, -17<=h<=17, 
-31<=k<=31, -9<=k<=9, -9<=k<=9, 
-8<=l<=8 -18<=l<=18 -17<=l<=17 
Reflections collected 27749 54610 51200 
Independent reflections 2726 [R(int) = 0.0487] 5623 [R(int) = 0.0455] 5269 [R(int) = 0.0293] 
Completeness to theta 99.9% 99.9% 99.9% 





Max. and min. 
transmission 0.5633 and 0.5250 0.9235 and 0.6623 0.8563 and 0.3838 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 2726 / 2 / 183 5623 / 6 / 348 5269 / 8 / 327 
Goodness-of-fit on F2 1.070 1.067 1.014 
Final R indices 
[I>2sigma(I)] R1 = 0.0265, wR2 = 0.0598 R1 = 0.0230, wR2 = 0.0527 R1 = 0.0219, wR2 = 0.0565 
R indices (all data) R1 = 0.0297, wR2 = 0.0607 R1 = 0.0279, wR2 = 0.0541 R1 = 0.0230, wR2 = 0.0571 
Largest diff. peak and 
hole 0.352 and -0.365 e.Å







Table 6-19. Crystal data and structure refinement for 6-6a, 6-7a and 6-8a (CCDC 965513-965515). 
 6-6a 6-7a 6-8a 
Empirical formula C20H28Br2N2O10Cu2 C26H36Br2N2O8.25SCu2 C28H40Br2N2O8SCu2 
Formula weight 743.34 827.53 851.58 
Temperature 100(2) K 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Orthorhombic Orthorhombic 
Space group P21/c P212121 P212121 
Unit cell dimensions a = 13.093(3) Å a = 10.1311(4) Å a = 10.3703(10) Å 
 b = 6.9457(15) Å b = 12.0085(6) Å b = 11.8761(11) Å 
 c = 14.027(3) Å c = 26.9697(13) Å c = 26.984(3) Å 
 α = 90°. α = 90°. α = 90°. 
 β = 99.983(4)°. β = 90°. β = 90°. 
 γ = 90°. γ = 90°. γ = 90°. 
Volume 1256.3(5) Å3 3281.1(3) Å3 3323.3(5) Å3 
Z 2 4 4 
Density (calculated) 1.965 Mg/m3 1.675 Mg/m3 1.702 Mg/m3 
Absorption coefficient 4.931 mm-1 3.843 mm-1 3.796 mm-1 
F(000) 740 1664 1720 




Theta range for data 
collection 2.95 to 27.50°. 2.15 to 27.50°. 2.10 to 27.50°. 
Index ranges 
-16<=h<=17, -12<=h<=13, -13<=h<=13, 
-9<=k<=6, -15<=k<=15, -15<=k<=15, 
-18<=l<=18 -35<=l<=34 -35<=l<=35 
Reflections collected 8115 37560 156446 
Independent reflections 2872 [R(int) = 0.0541] 7526 [R(int) = 0.0416] 7644 [R(int) = 0.0626] 
Completeness to theta 99.8% 99.7% 100.0% 





Max. and min. 
transmission 0.7563 and 0.2559 0.8022 and 0.4020 0.8661 and 0.6715 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 2872 / 2 / 176 7526 / 71 / 414 7644 / 15 / 414 
Goodness-of-fit on F2 1.131 1.044 1.048 
Final R indices 
[I>2sigma(I)] R1 = 0.0621, wR2 = 0.1415 R1 = 0.0307, wR2 = 0.0647 R1 = 0.0290, wR2 = 0.0636 
R indices (all data) R1 = 0.0794, wR2 = 0.1477 R1 = 0.0409, wR2 = 0.0677 R1 = 0.0339, wR2 = 0.0653 
Largest diff. peak and 
hole 1.378 and -0.817 e.Å
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Figure A6-4. 13C NMR of Ala5OMe in CD3OD solution. 
 
 






Figure A6-6. UV spectrum of 6-5 in MeOH:DMSO (95:5, v/v). 
 
 
Figure A6-7. UV spectrum of 6-6 in MeOH:DMSO (95:5, v/v). 
 
 





Figure A6-9. UV spectrum of 6-8 in MeOH:DMSO (95:5, v/v). 
 
 





Figure A6-11. ESI-MS spectrum of Ala5OMe. 
 
 






Figure A6-13. ESI-MS spectrum of 6-3. 
 
 






Figure A6-15. ESI-MS spectrum of 6-7. 
 
 






Figure A6-17. TGA profile of 6-1. 
 
 












Figure A6-19. TGA profile of 6-5. 
 
 












Figure A6-21. TGA profile of 6-8. 
 
 
Figure A6-22. Oxidation of 3,5-DTBC by 6-4 in MeOH:DMSO (95:5, v/v).  
 
 





Figure A6-24. Oxidation of 3,5-DTBC by 6-6 in MeOH:DMSO (95:5, v/v). 
 
 
Figure A6-25. Oxidation of 3,5-DTBC by 6-7 in MeOH:DMSO (95:5, v/v). 
 
 





Figure A6-27. Lineweaver-Burk plot of 6-2. 
 
 
Figure A6-28. Lineweaver-Burk plot of 6-4. 
 
 





Figure A6-30. Lineweaver-Burk plot of 6-6. 
 
 
Figure A6-31. Lineweaver-Burk plot of 6-7. 
 
 
Figure A6-32. Lineweaver-Burk plot of 6-8. 


























 The solvents used were of reagent grade and all chemicals were 
obtained from commercial sources. They were employed without further 
purification. All syntheses were carried out in atmospheric air. 
7-A-2. NMR Spectroscopy (Chapters 5 and 6) 
 1H and 13C NMR spectra of all ligands were recorded with Bruker 
AMX 300 and AMX 500 spectrometers at 25 oC in appropriate deuterated 
solvents such as DMSO and CD3OD. 
7-A-3. Infrared Spectroscopy 
 Infrared spectra (4000 - 400 cm-1) were recorded on a Perkin-Elmer 
1600 FTIR spectrophotometer with KBr pellets.   
7-A-4. Electronic Spectroscopy 
 Electronic transmittance spectra were recorded on a Shimadzu UV-
2450 UV-vis spectrophotometer in the range 300 to 800 nm in appropriate 
solvent systems.  
7-A-5. ESI-MS 
 Electrospray ionization mass spectra were measured on a Finnigan 
MAT 731 LCQ spectrometer using the syringe-pump method. Samples were 
prepared in appropriate solvent systems. 
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7-A-6. Elemental Analysis 
 Elemental analyses were performed on Perkin-Elmer PE 2400 
elemental analyzer in the Micro Analytical Laboratory, Department of 
Chemistry, National University of Singapore. 
7-A-7. Thermogravimetric Analysis 
 Thermogravimetric analyses (TGA) were performed on a SDT 2960 
TGA Thermal Analyzer with a heating rate of 10 °C min-1 to determine the 
solvent molecules present.  
7-A-8. Magnetic Susceptibility Measurements (Chapters 4, 5 and 6) 
Room-temperature magnetic susceptibility measurements were 
executed on a Johnson-Matthey Magnetic Susceptibility Balance with 
Hg[Co(SCN)4] as standard.  
7-A-9. X-ray Powder Diffraction (Chapter 5)  
 X-ray powder diffraction of the sample was recorded on a D5005 
Bruker AXS diffractometer with Cu-Kα radiation (λ = 1.5410) at 25 oC.  
7-A-10. Single-Crystal X-ray Crystallography 
 All measurements were conducted on a Bruker-AXS SMART APEX 
CCD single-crystal diffractometer with a Mo-Kα sealed tube. The software 
SMART was used for collecting frames of data, indexing reﬂection lists and 
determination of lattice parameters, SADABS for empirical absorption 
correction, and SAINT for frames integration and scaling.1, 2 SHELXTL was 
also used to solve the structure by direct methods and refined on |F|2 by full-
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matrix least squares.3 All void spaces were calculated using PLATON 
program.4 All X-ray data collection, refinement and solving of crystal 
structures were carried out by Prof. Koh Lip Lin, Miss Tan Geok Kheng, and 
Mrs. Hong Yimian from XRD laboratory, Department of Chemistry, NUS. 
7-A-11. References 
1. SMART (Version 5.631) & SAINT (Version 6.63) Software Reference 
Manuals, Bruker AXS GmbH, Karlsruhe, Germany, 2000. 
2. Sheldrick, G. M., SADABS, Software for Empirical Absorption 
Correction, University of Göttingen, Göttingen, Germany, 2001. 
3. SHELXTL Reference Manual (Version 6.10), Bruker AXS GmbH, 
Karlsruhe, Germany, 2000. 
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 As described in Chapter 2, close proximity of the sterically bulky DMF 
molecules to the equally bulky indole rings of 2-3a causes flipping of the 
amino acid side chains, preventing formation of our target complex which is 
isostructural to the molecular rectangle of 2-2a. This problem may be 
circumvented by employing sterically less bulky solvent systems to crystallize 
the complex. If our objective can be achieved, and the C=C bonds are aligned 
in a parallel fashion within a distance of 4.2 Å, [2+2] photocycloaddition 
studies can be carried out by irradiating the compound under UV light. 
 Structural studies involving the copper(II) Schiff base complexes 
derived from L-glutamic acid (3-1, 3-2a, 3-3 and 3-4a) can be further extended 
to other functional groups para to the aromatic hydroxyl group, such as OH, 
Br, Cl etc. Since these substituents have different inductive and steric effects, 
orientations of the amino acid side chains may be altered, leading to possible 
changes in the hydrogen bonding networks. We will then be able to probe 
deeper into the roles these functional groups adopt in influencing supra- 
molecular architectures of the complexes. 
 In Chapter 4, we synthesized a novel 15-nickel metallamacrocycle 
which forms 2D sheets through weak hydrophobic interactions, and subseq- 
uently stack on top of one another to construct a 3D layered structure. Since 
the channel size is drastically reduced by the staggered nature of the 2D sheets, 
and hydrogen bonding interactions help to stabilize them, it will be interesting 
to investigate whether porosity modification through application of pressure 
can induce shifting of the 2D sheets and enlarge the channel size for gas 
sorption studies.  
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 Different mixed solvent systems in different ratios are observed to 
heavily influence the catecholase activities of 5-4 and 5-5, due to distinct 
nucleophilic strengths of the solvents and formation of the intermediates ES, 
ESS and ESD. It may be worthwhile to quench the reaction mixture after 
addition of 3,5-DTBC to 5-4 or 5-5, and isolate the intermediates to validate 
the proposed mechanism. This will also allow us to obtain structural info- 
mation and study the substrate binding modes at the Cu2O2 cores. 
 Catecholase activities of copper(II) complexes derived from reduced 
Schiff bases which contain different substituents on the para position of the 
bridging phenolate moiety, as well as on the α-carbon of the carboxylate group 
(6-1 to 6-8) can be further extended to other metals such as Mn, Ni etc. A 
relationship between the electronic properties of the metal centers and cate- 
cholase activities can be investigated and established.           
 
 
 
 
 
 
 
 
